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ABSTRACT
Two experiments were conducted in order to establish the spatial 
and temporal variation of sediment-size distributions under different 
environmental conditions on a moderately reflective beach in response to 
the rise and fall of the tide. Analysis of 254 sediment samples from 
the foreshore of the beach at Duck, North Carolina reveals that the 
characteristics of sediment distributions across a foreshore profile 
vary with the tidally induced movement of the swash zone. Foreshore 
sediments were collected at stations located 4 meters apart every half- 
hour for 13 hours. To assist in explaining observed textural changes, 
alterations in the foreshore profile, wave run-up, the groundwater 
level, and the stratigraphy deposited in response to swash and tidal 
variations, were also examined.
Q-mode factor analysis performed on the sediment data determined 
the inter-relationships between grain-size distributions by considering 
the amount of sediment in each 1/4 phi class as a unique attribute of 
the sample. A four factor solution accounted for 86% of the total 
variance in the grain-size data. These four factors primarily describe 
the following sediment characteristics: 1) moderately well sorted, 
coarse-skewed, leptokurtic fine to medium sand, 2) moderately well 
sorted, fine-skewed, mesokurtic medium to coarse sand, 3) moderately 
sorted, nearly-symmetrical, mesokurtic gravel dominated sediment, and
4) moderately sorted, fine-skewed, leptokurtic very coarse sand and 
gravel. Presumably, each factor has been primarily influenced by a 
specific transport process forced by the uprush and backwash of the 
swash. Comparisons of groups derived from Q-mode factor analysis with 
individual grain-size distribution moment measures and probability plots 
have confirmed the validity of this technique.
Despite small variations among grain-size distributions from high 
and low wave energy conditions and under opposite stages of the lunar 
tide, when plotted as a time series, sediments exhibit a systematic 
spatial migration across the foreshore. The manner in which foreshore 
sediments respond to the position of the swash on the beachface can be 
predicted. A textural zonation controlled by the stage of the tide is 
identified; each zone displaying subtle yet important characteristics. 
The sediment at a particular sampling station follows a consistent 
pattern of altering and restoring itself to the textural characteristics 
originally present. The identified 4 groups of sediment types display a 
distinct zonation on the foreshore; group one and two type sediments 
dominate the upper and mid-swash zone while groups three and four 
prevail over the higher energy areas of the step and the lower swash 
zone. Experiment results suggest that this observed zonation across the 
foreshore may be controlled by the dominance of a transport processes 
acting selectively on certain grain-sizes. The magnitude and duration 
of the uprush and backwash affecting the site where the sample was 
collected, and the initial sediment size present at that site also 
appear to be important.
The measurably different textural response of sediments over a 
relatively short period of time may be of significance to scientists and 
engineers who have derived "characteristic grain-size distributions" of 
the foreshore without reference to the tidal stage. Knowledge of the 
stage of the tide and the potential variation of textural 
characteristics should be considered for most sampling designs.
SWASH INDUCED ZONATION OF A FORESHORE 
SEDIMENT SIZE DISTRIBUTION
I. INTRODUCTION
Many studies examining morphologic and sedimentologic changes on 
the foreshore over a semidiurnal tidal cycle have been previously 
conducted (Emery and Foster 1948; Grant 1948; Duncan 1964; Otvos 1965; 
Strahler 1966; Schwartz 1967; Williams 1971; and Chappell et al. 1979). 
These studies demonstrate that tides and their associated groundwater 
fluctuations directly affect wave run-up and may enforce or retard 
erosion induced by incident waves. Few studies, however, have 
extensively examined the temporal and spatial variability of beachface 
grain-size distributions induced by tidal forces.
The foreshore alternates between subaqueous and subaerial as waves 
and tides cause fluctuations in water level. Alterations in sediment 
distributions and elevations in a foreshore profile are forced by the 
migration of the swash zone. This migration is controlled by the rise 
and fall of the tide. Strahler (1966), divided the swash zone (Figure 
1.1) of the foreshore into three distinct sub-zones of sedimentation. 
These zones are the step, the mid-swash, and the upper swash zone. The 
step or the lower swash zone is an area of deposition due to the 
collision of the uprush of the incoming wave with the backwash. The 
upper swash zone is where deposition occurs because of the greater 
volume and velocity of the uprush compared to the backwash. The mid­
swash is located between the step and upper swash zone. This zone is 
characterized as erosive due to the lesser volume and velocity of the
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3Figure 1.1: Zonation of a beach. The study site is indicated
by the area of the foreshore marked as "swash 
zone," running from seaward of the step to just 
landward of the limit of maximum uprush during 
high tide.
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Abackwash when compared with that of the uprush. These zones shift 
landward during rising tide and seaward during falling tides such that 
at any given time, the profile represents the combined effect of these 
moving deposition and erosion zones.
Accompanying the shift of zones are changes in the foreshore slope, 
the raising or lowering of the beach’s watertable, and the transition of 
sediment grain-size characteristics. Strahler (1966) demonstrated that 
a beach in equilibrium will display no net morphologic change over one 
tidal cycle. At the end of the tidal cycle he found the beach was 
restored approx5_mately to the same condition of beach slope, elevation, 
and sediment size that existed at the beginning of the cycle. Nordstrom 
(1977) examined daily and seasonal variations of swash zone sediments on 
a series of beaches with varying physical parameters. He concluded that 
differences in grain-size characteristics between sites were not very 
dramatic because of the inherent similarity of swash processes such that 
variations in the energy regime were not as important as originally 
thought.
Many previous investigations have examined differences among 
foreshore grain-size parameters and the influence of the various factors 
causing these variations over a tidal cycle. Yet, no known studies have 
compared textural similarities or differences among grain-size 
distributions collected from the same site under differing energy 
conditions, as this one does. By doing this, it is anticipated that 
over the duration of a tidal cycle, the foreshore of a beach will 
display specific, identifiable spatial trends in the surface grain-size 
distributions. Except in a time-averaged data set, these grain-size 
trends should be observable at any stage of the lunar cycle and under
varying energy conditions. If the physical processes influencing the 
foreshore and morphologic changes in the beachface are monitored while 
sediments are collected, it may be possible to relate observed changes 
to alterations in the grain-size distributions.
An understanding of short-term, tidally induced, variations to the 
foreshore sediment-size distribution is of importance to scientists and 
engineers who require a knowledge of the most representative sediment 
characteristics of an area of the beach. This knowledge is pertinent t 
designing beach fill and restoration projects and to scientists with 
limited time and resources for a detailed sampling design of the 
beachface.
1.2 Objectives of Study
The intentions of this study are to:
1) Evaluate spatial variations in sediment size distributions caused
by swash zone processes acting on a beach over a tidal cycle.
2) Describe surface sediments across a foreshore profile during two 
tidal cycles to determine if measurable variations in mean grain-size 
can be related to differences in tidal height, wave and current regimes
3) Determine if the transition of foreshore sediments between two
tidal cycles exhibit a spatial and temporal cyclicity due to inherent 
similarities of swash processes.
3) Determine inter-relationships among collected sediment samples by 
characterizing size distributions and by discriminating between 
populations.
6A) Discern probable modes of sediment transport / deposition and the 
processes responsible for the variation in grain-size distributions in 
the swash zone.
5) Evaluate vertical laminations deposited over a tidal cycle in order 
to determine if it is possible to decipher the conditions under which 
sediments were deposited and their preservation potential.
6) Examine the response of foreshore morphology forced by swash 
variations during a tidal cycle.
II. LITERATURE REVIEW
Introduction
The behavior and dynamics of wave run-up or swash have been 
extensively examined by previous researchers both empirically and under 
laboratory and field conditions. First, a brief introduction into the 
dynamics of a single swash is given. The second section reviews swash 
studies that have examined the deposition of foreshore laminations and 
the depth to which sediment is disturbed during a tidal cycle. The 
third section addresses studies that have examined the influence of 
watertable oscillations induced by the movement of the tide on the cycle 
of swash zone erosion and deposition. The forth section discusses 
previous models of sediment transport derived from grain-size statistics 
of foreshore and swash zone sediments. Finally, models employing factor 
analysis on grain-size data, similar to the way it is used in this 
study, are reviewed.
2.1 Swash Dynamics
The dominant forcings of the swash zone (energy, swash amplitude 
and swash excursion distance) have been examined by researchers Suhayda 
(197A), Guza and Thornton (1982), and Holman and Guza (1984). All agree 
that the run-up may be diagnostic of offshore wave motion, especially in 
the surfbeat or infragravity range. These studies have shown that much 
of the swash energy occurs at surfbeat periods (t > 20s) and that run-up
7
8is a manifestation of the standing component of surf-zone oscillations.
Bagnold (1940) and Meyer (1970) describe the conversion of 
potential energy to kinetic energy as the bore of a broken wave 
propagates up the beachface. Friction changes the flow type and the 
bore is converted into a thin sheet of water with a vertically faced 
front. The velocity distribution of the swash flow is altered as the 
thickness of the swash decreases while it moves upslope, removing the 
top few laminae of sediment.
These velocity variations alter the mode of sediment transport 
resulting in a sorting of sediments across the beachface. On the 
uprush, the transport mechanism varies from the turbulent surge of the 
breaking wave, through suspension, saltation, traction and finally 
deposition when the swash velocity decreases to zero (Stauble 1979). 
Finer sediments are deposited near the limit of maximum uprush while 
coarser grains settle near the plunge point where greatest velocities 
are encountered.
The backwash velocity is driven by gravity, as the flow,goes from 
a state of rest and increases seaward. The velocity and volume of the 
backwash are less than that of the uprush due to turbulent dissipation 
of fluid energy and saturation of water into the beachface over which it 
is moving. Nelson and Miller (1974) and Wadell (1976) demonstrated that 
the backwash has flow characteristics different from those of the 
uprush. The backwash initiates a reverse spectrum of transport modes; 
moving from tractive bedload through saltation to suspension. Evans 
(1939) observed that the lower the beach slope, the greater the 
difference in swash-backwash velocity.
92.2 Swash Zone Laminae
The formation of shoreface structures has been shown to be closely 
controlled by morphologic and process conditions through a medium of 
spatial and temporal gradients in sediment transport (Wright 1979*
1983). Otvos (1965) found that sediment distributions created during a 
tidal cycle were strongly influenced by sediment left by the previous 
tide. His observations of newly deposited foreshore sediments 
demonstrated that two distinct individual laminations formed by a 
winnowing of the finer grains in areas where the breaker zone had passed 
during a tidal cycle. The laminations consisted of a lower coarse­
grained deposit with poorer sorting and a more negative skewness than 
the upper, finer grained deposit. Looking at longer term stratigraphy, 
Short (1983) found a systematic variation in the facies of the foreshore 
based on the beach states described by Wright and Short (1983).
The characteristic sedimentary structure of foreshore deposits 
consist of horizontal laminae of alternating layers of different grain 
size or of a mineralogic gradation (Clifton 1969). These alternating 
layers may be caused by differences in the uprush velocity versus the 
velocity of the backwash (Emery 1948). Otvos (1965) found that 
laminated structures were not as obvious, or present at all, on beaches 
having a fairly uniform sediment size composition.
Newton (1968) examined the sedimentation units left on the 
foreshore by a tidal cycle and found landward and seaward dipping 
laminae that corresponded to rising and falling tides, respectively. In 
a similar study, Duncan (1964) attributed the cause of landward dipping 
beds found in the upper swash zone to sand waves. Emery (1948) noted 
that the least variation in stratigraphy formed by the swash was found
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in sediment cores taken from below the line where the watertable 
intersected the beach at low tide and near the berm. Duncan (1964) 
found that minor variations in beach slope, resulting from deposition by 
uprush and backwash during a rising tide succeeded by swash during a 
falling tide, cause a truncation of previously deposited layers. Within 
a single tidal cycle this truncation produced low angle, micro-scale, 
onlap-offlap cross stratification.
Other studies examining swash zone sediment distributions include 
Sanders (1965), Schwartz (1967) and Sallenger (1979). All noted the 
presence of inversely graded laminae near the step and upper swash 
limit, both which are areas of deposition. Investigators suggest that 
this inverse grading may be produced by dispersive pressure (Bagnold, 
1940) or by sediment overpassing (Everts, 1973). Schwartz (1967) found 
that during rising tide, the finer lower swash zone sediments are eroded 
and then deposited above the upper swash zone limit. The coarser eroded 
sediment moves towards building the step. During falling tide, as the 
swash zone retreats down the foreshore, sediment is eroded and 
redeposited in former scour zones. Thus, the profile is restored to its 
original form and a reversal of the initial sedimentary sequence is 
created.
The depth to which sediment is disturbed on the foreshore 
(referred to as the mixing depth) has been examined over various time 
frames by King (1951), Otvos (1965), Madsen (1974), Komar and Inman 
(1970), Williams (1971) and Kraus (1985). All agree that there is a 
linear correlation between the depth to which sediment is disturbed and 
breaking wave height. An increase in height causes an increase in the 
depth of disturbance. King (1951) found the greatest disturbance
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occurred inside the break point of a steep beach. King (1951), Sunamura 
and Kraus (1985) and others have found evidence that the mixing depth is 
also weakly a function of sand size.
Duncan (1964), Wadell (1973, 1976) and Sallenger and Richmond 
(1984) have investigated the influence of infragravity (t > 20s) and 
lower frequency waves on patterns of erosion and deposition. All 
reported high frequency fluctuations of the sediment level in the upper 
swash zone. These were identified as small amplitude sand waves 
migrating down slope as bedload. Sallenger (1979) and Kowd (1984) found 
that only the form of the observed low amplitude oscillation progressed 
landward, while sediment was transported seaward. This differs from 
sand waves which have a net transport in the direction of migration.
Contradictions and vague generalizations pertaining to 
stratigraphy and sediment size distribution of identical regions of the 
foreshore exist. It is likely that empirical predictor equations used 
to explain the dynamics of the swash zone have only local applicability 
(e.g. Harrison, 1969). It appears that the actual formation of swash 
induced laminations and the mechanics of their deposition are still not 
completely understood. Dissimilarities in laminations deposited during 
a tidal cycle suggests that wave regime, beach morphology, sediment 
source and shoreface exposure must also be important factors. A 
detailed collection of surface sediments, physical parameters, foreshore 
morphology and stratigraphy deposited during a tidal cycle may assist in 
a better understanding of swash zone stratigraphy.
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2.3 The Beach Watertable
Another factor to consider when examining the movement of swash 
zone sediment migration is the oscillation of the beach watertable. 
Watertable fluctuations result from the rise and fall of the tide and 
have been shown to produce an appreciable variation in the sediment-size 
distribution. Changes in the watertable affect the mode of erosion, 
deposition, and the formation of laminae (Emery and Foster, 1948; Grant, 
1948; Duncan, 1964; Pollack and Humnon, 1971). On the uprush, the swash 
thins as water percolates into the dry sand decreasing the quantity of 
water available and thus, the strength of the backwash. The excess 
water is added to the watertable and forced out the lower foreshore.
This effluent of water increases the strength of the backwash in the 
lower foreshore, thereby inducing erosion on the saturated portion of 
the beachface. Emery and Foster (1948) found that groundwater, which 
would seep out as an effluent in the lower swash zone, had a velocity 
sufficient to transport silt. They determined that the less the amount 
of water lost to infiltration, the greater the sediment transport 
capacity of the uprush and backwash. Grant (1948) showed that a 
saturated beach would erode since the backwash was undiminished by 
percolation into the beach. Thus, on an unsaturated beach, percolation 
into the dry sand allows the deposition of sediment.
In general, the beach sediment acts as a low pass filter by 
damping the motions of the swash. This in turn causes the watertable to 
oscillate. During rising tide, the beach's watertable slopes landward, 
shifting to a seaward slope during falling tide (Emery and Foster 1948). 
Duncan (1964) recognized a lag in the rise of the watertable as sea 
level rose. He found that on rising tide, the foreshore profile
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steepened due to deposition on the unsaturated, upper foreshore while 
the lower, saturated foreshore eroded. The opposite occurred during 
falling tide, when sediments deposited by the previous swash were 
redistributed. The upper foreshore eroded due to an effluent of 
groundwater lagging the tide (also found by Strahler, 1966; and 
Harrison; 1969). Experiments in the laboratory by Chappell et al.
(1979) show that deposition was induced when the watertable was lowered.
2.4 Models of Foreshore Sediment Variation
Previous studies have examined the physical processes of the 
swash-backwash zone and related modifications. A systematic pattern of 
sediment level oscillations on a beach may be determined on all time 
scales. The response of the foreshore to changes over a tidal cycle has 
been examined by Miller and Zeigler (1958), Duncan (1964), Otvos (1965), 
Strahler (1966), Schwartz (1967) and others. All studies indicate that 
as the tide rises and falls, a regular progression of depositional and 
erosional events occurs across the swash zone. Previous research also 
demonstrates that the foreshore rapidly adjusts to changes in water 
level.
Changes in a beach's sediment distribution and the resultant 
stratigraphy have been examined with respect to many different physical 
parameters. These include wave measurements, tidal action, the 
influence of the beach watertable, and the slope of the foreshore. 
Sediment studies have determined that grain-size parameters are 
sensitive to energy differences which in turn affect the pattern of 
transport and deposition on the beachface. Most studies have used
14
standard grain-size statistics in order to formulate models from which 
they derive specific transport mechanisms.
Clifton (1969) discussed how the interaction of variables such as 
wave height, period and direction, nearshore bottom configuration, water 
depth, beach slope, and sediment factors such as diameter, density, 
sorting, and shape, contribute to the sedimentary structures produced 
over a tidal cycle.
Models predicting foreshore variation in sediment-size parameters 
following identifiable trends have been examined by Miller and Zeigler 
(1958) and Mclaren (1981). Both studies found a graded sorting in the 
swash zone sediment distribution, with the best sorted sediment near the 
upper limit of the swash. They determined that whereas the uprush 
carries only a certain size range upslope, the backwash transports the 
finer fraction of this sediment downslope towards the breaker zone.
Fox et al. (1966) interpreted changes in energy conditions, across 
a profile, based only on the four moments of grain-size analysis (mean, 
standard deviation, skewness, and kurtosis). They noted that the 
shielding of fines by larger sediments led to a selective transport and 
deposition mechanism.
Schwartz (1967) studied movement of sand grains along a low energy 
foreshore profile. He found that on rising tide, sediment, consisting 
mostly of fines, was eroded from the mid-swash zone and deposited just 
seaward of the upper swash limit. Most of the eroded coarser sediment 
was deposited near the step. On falling tide, a reversal occurred and 
zones of erosion and deposition were translated seaward, restoring the 
profile to the original form.
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Nordstrom (1977) compared swash zone sediments on a series of 
beaches having different wave regimes by identifying changes in grain 
size parameters over time. He discovered that even with a large daily 
and seasonal variation in energy regimes, differences in grain-size 
parameters were not as dramatic as expected because of the inherent 
similarity of swash processes. Visher (1969) recognized sub-populations 
within log normal grain-size distributions and related each to a 
different mode of transport and deposition by plotting samples on log- 
probability curves.
Many of these previously mentioned studies have derived models of 
sediment transport from foreshore profiles and surficial sediment data 
collected at one instant in time. Other researchers have collected 
sediment samples hourly or every couple hours during a tidal cycle (e.g. 
Miller and Zeigler, 1958). Grain-size statistics have been calculated 
from samples sieved at increments of one or half phi size classes (e.g. 
Sonu, 1972). These previously mentioned increments may be too large to 
discern details in the transition of elevation and grain-size 
variations. These examples illustrate that a more frequent sampling of 
swash zone processes may be necessary to give additional insight into 
relatively short term variations in the swash zone sediment 
distribution. By sampling a shore-normal foreshore transect at a higher 
frequency (every half-hour), it can be determined if the spatial and 
temporal resolution of sediment distribution descriptors can be 
improved. If so, does the resulting resolution significantly contribute 
to a better understanding of the textural variation on the foreshore?
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2.5 Multivariate Statistical Analysis of Sediments
In recent years, the use of multivariate statistical methods to 
interpret grain-size and accessory data has become increasingly popular 
and successful. The main benefit of using mutivariate statistical 
techniques, including factor analyses, appears to be their ability to 
simplify complex data sets in ways that allow several variables to be 
examined at once. A large number of samples can be analyzed in ways 
that allow a reasonable interpretation of their meaning. All samples 
then can be described as a mixture of a few theoretical or real end- 
members.
Klovan (1966) used Q-mode factor analysis to determine the 
hydraulic energy regime of Barataria Bay, Louisiana based on trends he 
found in sediment grain-size distributions. Dal Cin (1976) employed R- 
mode factor analysis of grain-size data in order to distinguish between 
eroding and advancing beaches. He found that four factors representing 
fine to coarse sand accounted for 95.7% of the variance in his samples. 
These factors were associated with depositional and erosional beach 
states. Allen et al. (1971) performed R-mode factor analysis on grain- 
size classes of sediment from the Gironde Estuary in an effort to group 
them into dynamically significant factors. They inferred that the three 
main groups of size classes represented dominant modes of sediment 
transport.
Stapor and Tanner (1975) applied stepwise discriminant analysis to 
grain-size statistical moment measures. They attempted to identify 
significant textural differences among beach, beach ridge, and dune 
sands based on analysis results. They used probability plots of the
samples to make a distinction between beach zones and to make 
hydrodynamic implications about probable modes of sediment transport.
In the case of the present experiment, factor analysis allowed 
simplification of a large, complex set of sediment samples. Factor 
analysis techniques will be discussed in further detail in a latter 
chapter.
III. PHYSICAL SETTING OF THE STUDY SITE
In determining the best site for this study, preliminary 
experiments looked at tidally induced changes to the VIMS beach and to 
Buckroe Beach on the Chesapeake Bay. Although both sites displayed the 
previously described cycle of tidally induced erosion and deposition, 
the magnitude of change was very small. It was decided that a beach 
acted upon by a greater energy and one that had a wider range of 
sediment sizes available would better exemplify textural variations.
The study site selected is located at the Army Corps of Engineer's 
Coastal Engineering Research Center's (CERC) Field Research Facility 
(FRF) approximately 2 km north of Duck, North Carolina (Figure 3.1).
The FRF is situated in the middle of a 100 km unbroken barrier extending 
from Oregon Inlet in North Carolina to Rudee Inlet in Virginia. This 
barrier separates the Atlantic Ocean from Currituck Sound. The wide 
sediment distribution found on this beach should emphasize changes 
occurring in the foreshore stratigraphy and the migration of sediment 
over a tidal cycle. Another reason for selecting this location was that 
CERC personnel were able to provide accessory physical data required for 
this study (i.e. local wave, current and tidal data).
The location of the study site was approximately 900 meters north 
of the center line of the FRF pier. This distance was selected in order 
to eliminate effects of the 561 meter long pier on the surrounding 
bathemetry. Miller et al. (1983) documented altered topography and
18
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Figure 3. L: Location of the Array Corps of Engineers Field
Research Facility in Duck, North Carolina where 
the experiments were conducted (from Birkemeier 
et al. 1985).

20
circulation occurring within 300 meters of the structure. A cuspate 
beach topography typically is present in the vicinity of the pier. The 
experiment site was situated between cusps in order to reduce the 
longshore variation in topography among transects measured during the 
experiments. Approximate spacing between cusps in the vicinity of the 
experiment site were 50 meters.
Beach sediments at Duck typically exhibit a bimodal size 
distribution consisting of a medium size fraction (1 phi) and a coarser 
fraction made up of shell fragments and ancient river lag deposits. 
Sediments primarily are quartz, occasionally with as much as twenty 
percent carbonate and a small amount of heavy minerals (Birkeneier et 
al., 1985). Substantial amounts of gravel are prevalent in the vicinity 
of the FRF and are thought to be derived from relict river channel 
deposits (Swift et al., 1971). According to Folk's (1966) 
classification, the offshore sediments are moderately well sorted 
ranging from medium to fine sand.
According to the classification of Wright et al. (1979), the beach 
at Duck usually exhibits a single bar and trough morphology 
corresponding to an intermediate to reflective beach state. Average 
slope of the mid-foreshore is 1:10. Rip-current circulation typically 
occurs along this beach and is responsible for creating the commonly 
present rhythmic shoreline and cuspate beach topography (Birkemeier et 
al., 1985). This morphology is closely linked to the nearshore water 
circulation.
Tides at Duck are semidiurnal with a mean range of one meter.
Yearly mean wave height is 0.9 + 0.6 m with a mean spectral period of
8.7 + 2.8 seconds (Birkemeier et al., 1985). Current speeds near the
21
FRF generally vary in both speed and direction. Details on the 
magnitude of these variables, as measured during the experiments, are 
shown in Table 3.1.
22
Table 3.1: Environmental summary from FRF field
instrumentation collected during the experiments.
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IV. METHODOLOGY AND DATA ANALYSIS
Introduction
This chapter is divided into three major sections. The first 
section describes field techniques, collection methods and equipment 
used during the field experiment. The laboratory and analytical 
techniques used to examine surface elevation profile data, sediment 
cores, ground-water oscillations and time lapse photography are 
highlighted. The second section explains the laboratory techniques used 
to prepare and analyze surface sediment samples. Formulae and various 
statistical measures used to characterize sediment grain-size 
distributions are introduced. The final section reviews the 
multivariate statistical technique of factor analysis. It then shows 
how this method is used to determine the inter-relationships among 
grain-size distributions by considering the amount of sediment in each 
size class as a unique attribute of a sample. Programs used for this 
analysis are briefly described.
A.1 Field Experiment Design
Field experiments, designed to examine foreshore modifications over 
a tidal cycle, were performed at the FRF on October 19, 1985 and on 
March 28, 1986 and are referred to as experiment one and experiment two, 
respectively. The specific days of the experiments were selected based 
on the amount of available daylight and the position of the tide within
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the spring-neap cycle. It was anticipated that spatial and temporal 
foreshore grain-size trends would be similiar under varying tidal 
conditions. Experiments ran for the duration of one tidal cycle, 
beginning at or near low tide and continuing for approximately thirteen 
hours until the following low tide.
The first experiment began at 6:00 AM (Eastern Standard Time) and 
continued until 6:30 PM. The second experiment ran from 4:15 AM until 
4:30 PM. The first experiment was performed during a neap tide when the 
mean tidal range was 1.08 meters. The second experiment was performed 
closer to a spring tide when the mean tidal range was 1.36 meters. The 
uprush during the March experiment affected a slightly wider area of 
foreshore than during the October experiment. Maximum width of the 
swash zone during high tide extended approximately 35 meters landward of 
the step.
Tidal measurements were obtained from a float-type tide gauge with 
a stilling well mounted at the end of the FRF pier. Readings, relative 
to the National Geodetic Vertical Datum (NGVD), were taken once every 
six minutes. Hourly averages of the tidal elevation on the days of the 
experiments are plotted in Figure 4.1.
General wave parameters used to describe conditions during the 
studies were taken by nearshore waverider "640” located 380 meters east 
of the FRF pier. Nearshore current speed and direction was obtained by 
electromagnetic current meter ”67911 located 600 meters offshore and 500 
meters south of the FRF pier. Sampling was conducted at forty minute 
intervals. Printouts of the measurements taken from these instruments 
during the experiments were obtained from CERC computer center 
personnel. Figure 4.1 also shows hourly averages of mean significant
25
Figure 4.1: Hourly averages of tidal height, mean significant
wave height (HMO) and wave period at Duck, NC 
during experiment one on October 19, 1985 and 
experiment two on March 28, 1986.
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wave height (HMO) and wave period measured during the experiments. 
Summary statistics for wave HMO, wave period, current speed and tidal 
range observations are listed in Table 3.1.
Both experiments were performed at approximately the same location 
plus or minus 1 or 2 meters in the longshore direction. Figure A.2 is a 
nearshore and offshore view of FRF profile line 2. This transect line 
runs through the experiment site. The boxed area in Figure A.2(a) 
designates the site where experimental data were collected. Note the 
presence of a bar approximately 200 meters offshore, visible during both 
experiments. A cuspate topography, best emphasized during high tide was 
visible on the shoreface during both experiments. The study site was 
positioned in the center of an embayment between two cusps. It is 
assumed that the sediments and the beach morphology between transects 
were homogenous and were being acted upon by the same forcing functions.
A.1.1 Transects Monitored
Figures A.3 and A.A are schematic diagrams of the experiment set-up 
and station locations. Five shore normal transects, running from 
seaward of the step to just above the limit of maximum swash, were 
established with a spacing of two or four meters between each transect. 
Initially stations were surveyed during the experiment using a Zeiss 
Total Station measuring device in order to determine their positioning 
relative to the FRF pier and their elevation relative to MSL. Accuracy 
of the Zeiss instrument is estimated at + 3 cm in the vertical and 
horizontal directions (Birkemeier and Mason, 198A).
Every half-hour, samples or measurements were collected from 
respective stations within the active swash zone. Each sampling period
27
Figure 4.2: Transect of (a) nearshore and (b) offshore
profiles taken near the experiment site on 
October 19, 1985 and March 28, 1986. The 
rectangle in (a) indicates the area of the shore- 
face monitored during the experiments.
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Figure 4.3: Schematic diagram of experiment set-up and
station locations running from just seaward of 
the step to just above the limit of maximum 
swash on October 19, 1985. The x direction 
represents distance in the longshore direction 
relative to an arbitrary coordinate labeled zero 
while the y axis represents distance shoreward 
from the seaward most sampling station.
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Figure 4.4: Schematic diagram of experiment set-up and
station locations running from just seaward of 
the step to just above the limit of maximum 
swash on March 28, 1986. The x direction 
represents distance in the longshore direction 
relative to an arbitrary coordinate labeled zero 
while the y axis represents distance shoreward 
from the seaward most sampling station.
landward
SEDIMENT GROUND WATER 
WELLS
ELEVATION
A4
SURFACE
SEDIMENT
PHOTO-POLES DYED CORES
35 - 00
□6
05 06
30 . 00
OS
as .oo
□3 04
03
Cd
02
4-2 □1 Ol
07
08
41 09
seaward
0.00 a . oo A . 00 8 . 00 10.009.00
METERS
DIACRAMATIC SCHEME OF BEACH SET-UP. 28 MAR 86
30
is referred to as a "run.” Experiment one consisted of twenty six runs 
while experiment two only had twenty four runs due to a delay caused by 
high winds in tb~ e^'ly morning. The first run began as near to low 
tide as possible, with the final run matching the initial position of 
the tide. During both experiments six individuals assisted in taking 
measurements, monitoring transects and collecting samples.
The first transect, labeled photo-poles, consists of a series of 
stakes spaced a known distance so as to define a range. Cross bars 
across the top of the stakes provide a scale. These marker rods were 
positioned to aid in identifying the swash position during migration of 
the tide. A photographic record of wave run-up, the saturated portion 
of the foreshore, mean swash position and breaker type was created using 
time-lapse photography from an 8 mm movie camera. The camera was 
positioned on a pedestal one meter above the beach and approximately 25 
meters from the photo-pole transect. Kodachrome 40 film was shot at a 
shutter speed of one frame per second with an automatic timer for a 
total run length of fifteen minutes every half hour. The camera was 
activated five minutes prior to a run.
Along the second transect, labeled "dyed cores," a series of cores 
of sediment, each dyed a different color, was placed across the 
foreshore just prior to the start of the experiment. The purpose of 
this transect was to determine the depth of disturbance and to identify 
newly accumulated laminae created during the tidal cycle. Sediment used 
for the dyed deposits was obtained from the study site prior to the 
experiment and represented typical mid-foreshore sediment. Sand grains 
were dyed various colors with Waterproof India Ink as described by 
Greenwood et al. (1984). A hole, approximately 20 cm deep, was
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carefully dug at each station. A coffee can, with its bottom removed, 
was used as a retention wall while the colored sand was placed in the 
hole. The fill was lightly packed in order to obtain a compactness 
comparable to that of the undisturbed sediment. The can then was 
removed and marked by a metal rod placed 30 cm away from the dyed 
deposit. A metal washer was placed loosely over the base of each marker 
rod to indicate the depth to which sediment had been disturbed during 
the tidal cycle.
Cores were left in place for the duration of the experiment. At 
the end of the study, sediment cores were removed with a Klovan-type 
corer (Klovan, 1964) as modified by Greenwood et al. (1984) (Figure 4.5 
b). This coring device allows removal of a slice of loosely compacted 
sediment while preserving laminations. A thin aluminum liner, which 
fits inside the coring base, permits cores to be kept intact for further 
analysis. Epoxy peels of cores were made on thin plexiglass sheets to 
examine laminations and sediment structure which developed above the 
depth of disturbance. The technique employed was similar to the methods 
of Bouma (1964), Burger et al. (1969), Yasso and Hartman (1972) and 
Greenwood (1984). While in the field, cores were also logged and 
photographed.
From these cores, the depth of maximum erosion is marked by the 
planing off of the dyed plugs. This depth is indicative of the maximum 
amount of erosion that has occurred during the tidal cycle. Newly 
deposited sediment laminations overlay the planed off cores and indicate 
the net accretion.
The purpose of the third transect was to examine the migration of 
surficial sediment induced by the transgression and regression of the
32
Figure 4.5: Diagramatic sketch of (a) Klovan-type box corer
used for collecting sediment cores and (b) the 
device used for measuring the foreshore surface 
elevation.
incremented rod
sliding plate
free-moving weight
station marker
eliding cover
B. .Measuring Device for Surface Elevation
A. Klovao-type Box Corer
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tide. Stations were marked with metal rods. Here, surface sediments 
were collected simultaneous with measurements from other transects 
(except the "dyed cores"). The sampling technique used was modified 
from a method first described by Ingle (1966). Plastic coated paper 
2
cards, 10 cm , were cut from milk and juice cartons. Cards were 
prelabeled and coated with vaseline prior to a run. The vaseline coated 
card was pressed onto the beach surface after the backwash has drained 
seaward. Samples were collected at least 20 cm from the station marker 
in order to avoid the consequences of scour around the marker rod. 
Labeled samples were kept in individual plastic bags until brought to 
the laboratory for grain-size analysis.
This method of collecting surface sediments was largely successful 
except for the coarse gravel size sediments, concentrated mainly near 
the step and lower foreshore. In these instances, where no thickness of 
vaseline would have been sufficient for collecting a representative 
sample, a hand-grab sample was taken. Sampling of a station ceased 
after it became obvious that the influence of the swash and the limit of 
maximum uprush were well below that position.
Sediment samples are identified first, by their run number and 
second, by their station position. For example, sediment sample R4.5 
signifies that the sample was collected during the forth run (two hours 
from the start of the experiment) at station number five of the 
surficial sediment transect. This type of designation is employed 
throughout this paper. Samples collected during the second experiment 
are suffixed with a "B."
34
The fourth, shore-normal transect measured changes in the foreshore 
elevation. Fluctuations in elevation were measured relative to the top 
of a metal rod, one centimeter in diameter, pounded soundly into the 
beach. Elevations were measured using a modified meter stick which has 
a thin metal, v-cut base plate attached at the bottom in order to 
minimize penetration into the sediment. This design, shown in Figure 
4.5(b), is similar to the measuring rod used by Sallenger and Richmond 
(1984). A sliding clip, soldered to a thin horizontal metal plate, is 
slid down the meter stick until the plate reaches the top of the station 
rod. Readings taken from the base of the plate were recorded to the 
nearest millimeter.
Every half-hour, surficial sediment elevations were measured from 
the limit of run-up to just beyond the step (if conditions permitted) in 
order to obtain a comprehensive time-series of foreshore elevations. 
During a run, elevation readings were obtained by two people using 
measuring rods. Measurements were read immediately after the backwash 
drained seaward, while another person recorded the elevations. This was 
repeated, while moving up and down the transect from one station to the 
next, as many times as possible in a ten minute period. Most run 
periods allowed enough time for the collection of three to five 
measurements at each station from which an average station elevation was 
latter determined. Taking a series of measurements in this manner 
diminished the possibility of recording erroneous values and also 
allowed the collection of high frequency elevation oscillations that may 
be occurring in the active zone. Past researchers (Wadell, 1973, 1976; 
Sallenger and Richmond 1984; and Howd, 1984) noted changes in the swash 
zone on the order of 3 cm over a ten minute period. All measurements
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were taken relative to the top of station marker rods and latter 
referenced to mean sea level.
The purpose of the fifth transect was to measure the rise and fall 
of the beach watertable. This data would aid in explaining the 
relationship between the effects of swash percolation into the foreshore 
sediment and the corresponding deposition of sediment.
Ground water wells were constructed of PVC pipe with a series of 
two centimeter holes drilled around the bottom one meter. Holes were 
wrapped with fine mesh screen to keep sediment from filling the well. A 
vibracoring device was used, at four or five locations along the 
transect, to dig holes to a depth of approximately one meter below the 
surface. Prior to the experiment, wells were placed in the holes and 
tightly packed in place with sediment.
During the first experiment, most of the wells were lost during the 
high tide prior to sampling. The water depth of wells still in place 
the next morning was measured once every minute during each ten minute 
run with a chalk covered rod. Lack of manpower and consistency in a 
measuring method necessitated the use of an electronic probe instead of 
a chalk covered measuring stick during the second experiment. This 
time, a meter stick, designed to light up when conductors at the base of 
the rod contacted water, was used to measure the watertable level. 
Because of equipment malfunctions, this set of data is as incomplete as 
that of the first experiment.
In conjunction with collection of the previous data, other 
parameters recorded during each run included position of step, visual 
estimation of mean lower swash position, mean upper swash position,
36
nearshore breaker height, visual changes in beach configuration and the 
migration of sediment types,
4.1.2 Analysis of Foreshore Elevation Data
As previously mentioned, station positions relative to mean sea 
level (MSL) were obtained from the Zeiss survey instrument at CERC. 
Elevations were examined relative to the first experiment run which 
became the zero reference line. This line was referenced to MSL.
Average surface elevations were obtained from station measurements made 
during each sample run. Average values were based on three to five 
individual measurements taken during a run. Standard deviations about 
the mean ranged between 0.05 and 2.80 cm. The largest deviations 
occurred in the region of intense currents and wave action, near the 
step and seaward, as expected. A series of consecutive readings taken 
between two inactive stations indicate that the measurement error of 
this technique is less than 0.05 cm. This is comparable to the error 
previously found by Sallenger and Richmond (1984) using a similar 
measuring device. Plots of changes in the foreshore elevation were 
created to examine elevation variation during the experiment.
4.1.3 Analysis of Sediment Cores
Because much of the stratigraphy of the cores was destroyed during 
transport, a detailed size-analysis of individual laminae was not 
possible. Much of the information pertaining to the collected cores had 
to be derived from field measurements, epoxy peels and photographs.
Logs of overall stratigraphy, orientation and grain characteristics of
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laminae were recorded in detail in the laboratory. Comparisons were 
made between cores obtained from the two experiments.
4.2 Sediment Laboratory Techniques
Surface-sediment samples were analyzed in the sediment 
laboratories. First, samples adhered to vaseline coated cards were 
individually scraped into prelabeled 500 ml pyrex beakers and diluted 
with distilled water and Contrad solution. Contrad is a detergent made 
especially for cleaning laboratory glassware. After trial and error in 
finding a dispersant to remove the vaseline from the sediment, it was 
determined that a solution of Contrad and water performed adequately. 
Next, samples in the Contrad and distilled water solution, were heated
in an oven at 98^F for 10-15 minutes. Heating allowed the vaseline to 
separate from the sediment grains and float to the surface of the beaker 
for decanting. This process was repeated to assure disaggregation of 
grains from the vasoline. Third, after all traces of vasoline were 
removed, samples were rinsed onto a fine filter paper and dried over 
night in an oven at low temperature.
After a preliminary analysis of ten randomly chosen sediment 
samples, it was determined that no samples contained a sufficient amount 
of particles of silt or finer size to warrant performing a pipette size 
analysis. If fine grained sediment were present, it made up much less 
than five percent of the total samples weight. This decision is 
strongly supported by grain-size distributions presented in a latter 
section.
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In order to separate the sand from the coarse fraction, dried 
samples were manually sieved through a -1 phi (2mm) sieve where phi = (- 
log^of the grain diameter in mm) (Krumbein, 1936). Individual fractions
of sand and gravel were weighed to within one hundreth of a gram using a 
micro-balance.
Coarse grains, greater than -1 phi (2 mm), can not be adequately or 
accurately analyzed using a Rapid Sediment Analyzer (RSA) (Gibbs 197 4). 
Instead, this fraction, ranging from -2 phi to -1 phi, was sieved for 
twenty minutes into 0.25 phi intervals on a mechanical Ro-Tap. The 
weight of sediment retained on each sieve was recorded in order to 
determine its contribution to the overall sample.
Lack of large diameter sieves for measuring the fraction coarser 
than -2 phi, forced weight percents of sediments falling above this size 
to be determined by measuring the intermediate axis of individual grains 
on a graphed grid divided into 0.25 phi intervals. Grid dimensions were 
identical to openings in a similarly sized sieve. The correct size 
class was arrived at by determining the grid or screen size on which the 
grains would be retained if they had been sieved. The grids ranged from 
-2.25 phi (4.76 mm) to -4.0 phi (26.91 mm). Twenty four percent of the 
samples had sediment coarse enough to be analyzed in this fashion.
The grain-size distribution of the sand size fraction (-1.0 phi to 
4.0 phi) of each sample was determined by measuring the sand's settling 
velocity in a RSA settling tube. The sand component was split using a 
mechanical splitter which acts to separate grains into a small random 
sub-sample. A sub-sample ranging from 0.50 to 0.75 grams is required 
for size analysis using the RSA settling tube.
The RSA determines the size distribution of the sand fraction by 
passing particles through a column of water with a known viscosity and 
calculating the time it takes for a particle of an assumed density to 
fall a specific distance (Schlee, 1966 Gibbs et al., 1971). The change 
in total sample weight hitting a weight pan at the bottom of the 
settling tube is recorded on a strip-chart.
4.2.1 Analytical Sediment Techniques
The strip charts created from RSA runs depict the amount of
sediment fallen versus elapsed time since introduction of the sub— sample
into the water column in the form of a cumulative curve. Curves were
digitized with a Numonics electronic digitizer interfaced to a Prime 850
computer. This setup transfers the curve into a continuous series of x
and y coordinates. A computer program, using the following equations,
converted the coordinates to size and weight percents at 0.25 phi class
intervals. Gibbs et al. (1971) developed an empirical equation to
predict fall velocities for different particle sizes and water
temperatures. This equation solves for the settling velocity of a
sphere, equivalent to that of the intermediate grain diameter, D , as
b
defined below
2 4 2 2 5
0.111608 w p + 2 [0.003114 w p + g(p -p) (4.5 pw + 0.0087 w p)l*
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3
p = density of the fluid (gm/cm )
3
P s= density of the grain (quartz = 2.65 gm/cm ) 
o>s= grain settling velocity (cm/sec)
p = dynamic viscosity of water in poise units
2
g = acceleration of gravity (980 cm/sec )
It is known that the settling velocity of a natural grain is less 
than that of an equivalent sphere. This difference in settling 
velocities is a result of nonsphericity and asymmetries of natural 
grains which induce irregular oscillations (Baba and Komar, 1981).
These variations in natural grains result in a decrease in the velocity 
with which they fall. This observation initiated the conversion of 
sphere diameters produced with Gibbs equation (4.1) to that of natural 
grains using the equation of Baba and Komar (1981). Their equation is 
derived from a linear regression of the log of the settling velocity of 
a natural grain versus the log of the settling velocity of a sphere.
This relationship states that:
0 913
w = 0.977 to * (4.2)
n s
in which
<o^  = settling velocity of a natural grain
to = settling velocity of a sphere whose diameter equals the
s
intermediate diameter,
All RSA derived sand fractions were converted to natural fall 
velocities using the above equation of Baba and Komar and then 
substituted back into the Gibbs equation to obtain an adjusted sediment
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diameter. Dyer (1986) shows how equation (4.2) acts to shift the sand 
fraction towards a coarser size class by approximately 0.4 phi units. 
Output is recorded as individual and cumulative weight percents for each 
0.25 phi size class.
Diameters for all samples are based on the fall velocity, u> , of a
n
o
natural grain in fresh water at 20 C. The effects of water temperature 
variations on grain-size classes derived from sediment fall velocities 
should be considered when comparing results between the two experiments. 
The water during October was much warmer than during the March 
experiment. The colder water has a higher viscosity and density which 
in turn decreases the velocity with which grains fall, thus causing a 
finer shift in the population. As shown by Gibbs (1971), this shift in 
settling velocity due to temperature variations becomes more pronounced 
as grain— size decreases.
A computer program combined the graphed, sieved, and RSA fractions 
into one continuous distribution. An overlap of one 0.25 phi size class 
occurred at -1 phi ( 2 mm). The weight percent of the -1 phi fraction 
determined from sieving was added to the -1 phi fraction found by the 
RSA. The weight percents of individual size classes, at 0.25 phi 
intervals, ranged from -1.00 phi (very coarse sand) to 4.00 phi (very 
fine sand) .
Sieving depends on the physical size of the intermediate axis of 
particles. Whereas RSA derived sizes depend upon settling velocity 
which is a function of volume, density, roundness, and sphericity. 
Settling velocity more closely represents sediment behavior under 
natural conditions of transport and deposition than sizes obtained by
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sieving. There exists no known method of measuring settling velocity of 
gravel and coarser grained sediments in the laboratory. This forced the
with sieve data as a reasonable alternative to account for all size 
c l a s s e s .
The procedure described above was repeated for the all surficial 
sediment samples collected during both experiments. Grain-size 
distributions for each sample were analyzed by way of probability plots, 
cumulative curves, histograms, and standard sediment statistics 
including the graphic measures introduced by Folk and Ward (1957) and 
the moment measures from Krumbein and Pettijohn (1938), given below.
4.2.2 Statistical Measures 
Graphic Measures:
merging of RSA data (where size is derived from settling velocities)
M = 050
oG
084_-_^3.6
2
SK,
G
i> 16 + 084 - 2 (/650) 
(084 ” 516)
K =  tel- —
G 2.44 (075 - 025)
Moment Measures;
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x . . ^ 100
Where f is the percentage in each phi class of size, n y . The relevant 
size is taken as the center of each phi class.
X  f(nu - X)
°j6 ( i o o
_ 3
2  f(mA - X) 
°3 f  ---- *----
1 X  f <»*- X)
a46~ 100 4
jj   ?.rd_Moment___________
S Standard Deviation CubedK.
  4 it h._Mome_n _t_____________ __
K Standard Deviation to the 4th Power
in which 
M = median
M = graphic mean 
z
oG = graphic standard deviation (Std Dev) 
S-, = graphic skewness (Skew)u_
dj = inclusive graphic standard deviation (Inc Std)
S, = inclusive graphic skewness (Inc Skw) 
ki
= graphic kurtosis (Kurt)O
= first moment (mean of the distribution) (X1MM) 
oj^ = second moment *= sorting (X2MM)
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“3rf“ third moment = skewness (X3MM) 
q*jl= forth moment = knrtosis (X4MM)
M„ = moment skewness
B! = moment knrtosis
K
Results from applying these statistical measures are shown in a 
later section. The resulting size weight percents of individual size 
classes ranged from -4 phi (16 mm) to 5.25 phi (0.06 mm), for a total of 
38, 0.25 phi classes. Once all sediment samples were processed, weight 
percents were assembled into a matrix consisting of 254 rows by 38 
columns. Each row represents a single sediment sample while columns 
indicate weight percent in each 0.25 phi class interval.
4.3 Introduction to Factor Analysis
In order to explain the proportional similarity among grain-size 
distributions, a multivariate statistical technique, factor analysis, 
was applied to the sediment data. Q-mode analysis was selected as an 
appropriate tool for this analysis since the variation among grain-size 
distributions would prove a good means of assessing the similarity 
between samples. Results from this analysis are then compared against 
groups obtained from standard statistical grain-size methods. These 
standard methods include graphic measures, moment measures, and 
probability plots of grain-size distributions.
Factor analysis extracts the eigenvalues and eigenvectors 
calculated from a similarity matrix (Q-mode) or correlation matrix (R- 
mode) in order to resolve large amounts of data into distinct groups or
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patterns. Factor analysis methods applied to geologic data can be found 
in Klovan (1966), Joreskog et al. (1976) and Davis (1973, 1986). Factor 
Analysis originally was devised for the social sciences as a method of 
explaining inter-relationships between a large number of variables by 
the presence of only a few factors.
4.3.1 Q-mode Factor Analysis
Q-mode is a type of factor analysis that examines inter-object 
relationships within large data sets. Samples are grouped together by 
similarity of attributes. One of the most powerful attributes of Q-mode 
factor analysis is its ability to simplify a complex data set. Q-mode 
factor analysis determines the minimum number of independent dimensions 
needed to account for most of the information in the matrix of 
similarity coefficients between samples. By choosing the highest 
eigenvalues in the factor analysis, one can decide the minimum number of 
end-members of which the samples may be considered combinations. This 
requires some prior knowledge of the geological processes involved in 
order to choose the most representative number of factors or end- 
members. Comparing relationships among objects is accomplished by 
grouping similar objects into a small number of real or theoretical 
factors (end-members) whose representation of the initial information is 
already known. This is found by determining the number of mutually 
independent or orthogonal factor axes (end-members) in multivariate 
factor space needed to contain the sample vectors.
The original data matrix is defined as X [n x p] where n is equal 
to the number of objects or samples and p is equal to the number of 
variables. This original raw data matrix is first row-normalized to
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remove the effects of size differences between objects. This results in 
matrix W also of the order [n x p]. In matrix notation this can be done 
as follows:
W = D1/2X
where D is an [n x n] diagonal matrix of the row sum of squares of X.
The above transformation sets every row vector of W to a unit length. 
Given any two objects n and m (which are row vectors of the data matrix 
[n x p]), the coefficients of proportional similarity, cosine-theta, can 
also be found by:
is the jth variable of the nth observation of N objects while p
is the total number of variables. Cosine-theta is computed for each
possible pair of samples. Cos ^  nmy also be found as follows:
cos -0-nm
where
3 = (1 P)
n = (1,,.,,N)
X
w np
and then
The resulting matrix defines the cosine of the angle between each 
row vector pair, thus representing the degree of proportional similarity
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between all possible pairs of samples. The total variance of the data 
set is equal to the sum of the eigenvalues of the similarity matrix. 
Samples that are closely related to each other will be clustered 
together. On the other hand, vectors perpendicular to each other are 
totally independent (no similarity). Colinear vectors, having a cosine 
of one, indicate perfect similarity between samples (Klovan, 1966). For 
example, if two or more replicates are taken from the same sample, their 
vector representations in variable space should fall close to one 
another such that the cosine of the angle between any two should be near 
unity.
A geometric interpretation of the relationships would require 
visualizing each sample plotted as a vector in p-dimensional space 
within a coordinate system where each axis represents a variable (Figure 
4.6a). These variable axes are at right angles to each other. Each 
sample then can be considered as a vector situated within this p- 
dimensional space according to its coordinate value. By examining the 
configuration of clusters of vectors, i.e. sediment samples, principal 
relationships can be discerned by considering each cluster as 
representing an influence or factor.
The coefficients of similarity are arranged in a [n x n] matrix of 
associations or cosine-theta matrix, H, which contains the angular 
separation between all objects as they are situated in p-dimensional 
space. H is a square symmetric matrix. It can be shown that H = WW1, 
which is the major product moment of the row normalized data matrix. 
Matrix W is approximately equal to the factor loadings matrix, A, 
multiplied by the factor scores matrix, F' (see Figure 4.6) and the 
following relationships can be derived:
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W ** AF* and H = WW* = AF* FA' = AA*
To simplify the relationships between sample vectors, the 
dimensionality of the data is reduced by combining variables which often 
make a small contribution to the total variance. The rank of matrix H 
is determined to see if the angles in the matrix of associations can be 
contained in a smaller dimensional space than was originally present. 
Since matrix W usually can be approximated with fewer factors than the 
original number of variables, the approximate rank of W or H is used to 
determine the minimum number of end-members. The rank of a matrix is 
found by examination of eigenvalues and can be theoretically defined as 
the minimum number of factors needed to sufficiently explain the data. 
The rank is also equal to the number of non-zero eigenvalues.
If an eigenvalue contributes a small amount of information to the 
solution, the factor can be considered as insignificant and omitted from 
the solution.
The projection of each sample vector onto a particular factor axes 
is indicated in a factor loading matrix, A [n x r] while a factor scores 
matrix, F [r x p] describes the composition of each factor in terms of 
the original variables (Figure 4.6c). In these matrices, n = the number 
of observations, r = the approximate rank of the matrix W and p = the 
number of variables. The sizes of the numbers in the factor loadings 
matrix indicate the extent to which each factor axis controls the 
position of each sample vector.
The new mutually orthogonal axes, on which the sample vectors are 
projected, are termed factor axes or end-members (Figure 4.6b). Factor 
axes always have a unit length equal to one. Vector projections onto a 
factor axis are referred to as loadings and range between -1 and +1.
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Figure 4.6: Two samples plotted in three dimensional space.
A) Row normalized matrix, W [n x p]. Cosine 
theta is a measure of the similarity between 
samples in variable space. B) Factor loadings 
matrix, A [n x r]; loadings are plotted in factor 
space. C) Factor scores matrix, F [r x p] .
Matrix F describes the composition of each factor 
in terms of the original variables. Note that 
matrix H -  A z f !
o
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The degree of representation of factor loadings onto the factor axes is 
measured by the communality. Communality is a measure of the proportion 
of the length of a row vector explained by r factors. It is equal to 
the sum of the squared factor loadings for each sample vector. A 
communality of one signifies complete representation of a sample by a 
set of factor axes. A communality of 0.9 indicates that most, but not 
all of the original information has been explained by a set of factor 
axes.
As previously mentioned, the number of factors extracted depends on 
the simplicity or representation desired and the amount of variance to 
be explained. Factors are rotated to fit closest to distinct clusters 
of objects that exist in the cosine-theta matrix. In other words, 
rotation is performed so that the variance of the factor loadings on 
each factor are maximized. Varimax rotation is an iterative process 
performed two factor axes at a time, while being kept mutually 
orthogonal to each other. The relationship of factor axes are changed 
with each rotation, but inter-relationships between sample vectors 
remain the same. The contribution of each end-member to each sample is 
determined from analysis of the factor loading matrix. Rotated factors 
are more equally distributed in terms of their power to explain factor 
loadings. Positive and negative signs are arbitrary and have no effect 
on the solution.
Orthogonal end-members are compositionally dissimiliar, linearly 
independent, hypothetical extremes. Although they are not orthogonal or 
linearly independent vectors, real samples are sometimes used as end- 
members to represent compositional extremes for the data set in 
question. These oblique factors have the most divergent composition in
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the data matrix. The resulting end-members are no longer orthogonal but 
correspond to real objects.
Factors can be thought of as "new" variables which are linear 
combinations of the original variables. For example, if three end- 
members are chosen to represent the data set, then all other samples can 
be approximated as a linear combination of these extreme samples (Figure 
4.6b) .
In factor analysis the dimensionality of the original data set is 
reduced in the sense that sample variance is represented through a few 
factors rather than a large number of variables. With this reduction, 
samples can more easily be grouped and compared. Mapped patterns may be 
used to explain trends. In this particular study, sediment size 
distributions, will be related to forces or physical processes at work 
in the system under investigation.
4.3.2 Factor Analysis Computer Programs
Q-mode factor analysis Fortran programs were modified to 
accommodate specific requirements of this project from original versions 
of CABFAC (Klovan and Imbrie, 1971) and QMODEL (Klovan and Miesch,
1975) .
CABFAC calculates the eigenvalues and eigenvectors of the cosine- 
theta matrix. It then converts normalized eigenvectors to factors by 
multiplying each element of the eigenvector by the square root of the 
corresponding eigenvalue. From this, a factor loadings matrix and a 
factor scores matrix are calculated. The matrix of factor loadings is 
used to calculate the communality of each sample.
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CABFAC runs a varimax rotation of mutually orthogonal factor 
(reference) axes so that they coincide as closely as possible to the 
most divergent samples. As mentioned earlier, these projections are 
referred to as factor loadings. Rotation attempts to increase loadings 
on a specific factor thus increasing the communalities, allowing easier 
interpretation of relationships. Results of plotting the factor 
loadings, two axis at a time, are in a latter section. From these plots 
the relationship between all the samples based on their grain-size 
distributions can be determined.
In general, program QMODEL calculates and prints the loadings of 
extreme normalized end-member samples, the composition loadings, the 
factor scores matrix, gives goodness of fit statistics and estimates the 
raw data matrix using the relationship W ss’AF*.
V. RESULTS OF STUDY
Introduction
This chapter examines results from the field, laboratory and 
analytical portions of the study. The first section describes the 
repeatability of determining size classes with the RSA while the second 
section explains the compilation of the data matrix of grain-size 
distributions. The third section examines the data obtained from 
running Q-mode factor analysis on the matrix of grain-size distributions 
and gives comparisons between groups derived from this method with those 
derived from standard statistical measures. The final sections look at 
the response of the configuration of the foreshore profile, the sediment 
cores recovered at the end of the experiments and the results obtained 
from time-lapse photography and visual observations.
5.1 RSA Error
In order to determine the repeatability of weight percents in each 
size class obtained from the RSA, separate splits of a sample were run 
through the settling tube. Replicate size analysis of samples produced 
nearly equivalent size distributions. The grain-size distributions, 
calculated for replicate samples, differed by + 0.01 to 0.02 phi within 
each 0.25 phi, size class. Cumulative weight percents within a 0.25 phi 
class varied among replicate samples on an average of + 3%. This 
resulting variance can be attributed to mechanical and human error
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caused by digitizing output, RSA curves.
5.2 The Sediment Data Matrix
Each row in the data matrix is an object vector (sediment sample) 
whose columns are the weight percent values derived from a size 
analysis, wherein the total for all size classes equals 100%. Thus, 
compositional data measurements are consistent across all variables.
The original matrix, combining sediment sample weight percents from 
both experiments, was reduced from 38 variables to 18 variables (size 
class intervals) by 254 sediment pimples. This reduction was performed 
because extremely low weight percentages were found in both tails of the 
38 phi class distribution. These small to zero weight percentages in 
the tails of the distribution represent a very small fraction of the 
variance between samples and thus provide very little information on the 
relationship between samples. The presence of such small weight 
percents in the tails of the distribution prompted grouping the first 
eight 0.25 phi classes at the course end of the matrix together into one 
class defined as weight percent >_ -1.75 phi (coarse gravel). Sediment <_ 
2.5 phi (fine sand), were folded together at the fine end of the matrix, 
thus, merging ten 0.25 phi classes into one class. After folding, both 
tails had very few samples in which the majority of the weight was 
contained in the tails. In most cases, the folded classes were 
comparable to weight percents in other size classes. All classes in- 
between these two extreme size classes remained divided at 0.25 phi 
intervals. The folded 254 x 18 matrix was used as input into the factor 
analysis programs.
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5.3 Factor Analysis
A preliminary analysis of individual data sets was performed by 
running a principal components analysis program derived from Davis 
(1973). Initially, individual data sets from each experiment were run 
through the factor analysis programs in order to compare results between 
experiments. A four factor solution explained 93% of the variance in 
the October data set and 82% of the variance in March’s data set. It 
was decided that merging both data sets together was more logical if 
some geologic significance was to be derived from each factor. Trial 
and error runs of factor analysis programs CABFAC and QMODEL on the 
combined data matrix, attempted various rotation schemes. After a 
detailed analysis of program outputs, it was determined that a four 
factor solution gave reasonable results and explained almost 86% of the 
variance in the folded, 18 variable, matrix of grain-size distributions. 
The number of factors choosen for this data set was determined by 
examining the amount of information the eigenvalues contributed to the 
solution, the amount of cumulative variance explained by a number of 
factors and by repeatedly examining the sizes of sample factor loadings 
on the factor axes. The simplification obtained in explaining the 
relationship of samples to one another by reducing the dimensions of the 
data outweighed the variance lost by retaining a greater number of 
eigenvectors.
Table 5.1 lists the calculated eigenvalues of the 18 by 254 
sediment matrix explained by the first ten factors. The individual and 
cumulative variance of factors before and after varimax rotation are 
also given. It can be seen that the variance explained is more evenly 
divided after rotation. The end-members of a four factor solution were
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Table 5.1: Eigenvalues of the sediment data matrix.
Eigenvalues of the 18 X 254 data matrix explained by 
the first ten factors, along with the individual and 
cumulative variance of factors before and after 
rotation.
NUM EIGENVALUE INDIV. VAR. CUM. VAR. INDIV. VAR.
AFTER ROTATION
1 117.860458 46.40 46.40 32.72
2 52.848930 20.81 67.21 23.51
3 31.294559 12.32 79.53 11.77
4 15.053007 5.93 85.46 17.45
5 10.643331 4.19 89.65
6 6.270226 2.46 92.11
7 4.937737 1.95 94.06
8 3.834766 1.51 95.57
9 3.455512 1.36 96.93
10 2.166819 0.85 97.78
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reasonable in describing the extreme grain-size distributions of the 
samples. It should be noted that very little individual variance is 
explained by factors 5 through 10. A five factor solution reduced the 
sizes of loadings on some of the factor axes. That is, as loadings on 
one factor increased, a decrease was seen on the other factors. 
Coefficients of determination, which are indices of how well the factor 
solution reconstruction approaches the original data, were reasonable to 
moderately high with a four factor solution.
The Varimax (orthogonally rotated) matrix of factor loadings 
obtained with the first four principal factors, indicates that most 
samples have high communalities, thus, good explanation. Only 5 samples 
have a communality of less than 0.7 and were discarded from further 
analysis. This cut-off value was used as the criteria for discarding 
samples by Dal Cin (1976).
A composition scores matrix, which indicates the amount a variable 
(phi class) contributed to explaining a factor axes, is listed in Table
5.2. It can be noted that the finest phi classes, identified by 
variables 13 through 18, are the main variables upon which factor one is 
based. Factor axis two is composed mainly of variables 7 through 12, 
which encompasses very coarse to coarse sand size sediment. The third 
factor axis is best explained by the coarsest phi classes, namely 
variables 1 through 4, which are in the gravel size sediment range. 
Factor axes four slightly overlaps the variables describing factor axes 
two and three. Variables 3 through 8, gravel through coarse sand size, 
define the major composition of factor axis four.
Varimax factor loadings were plotted on two principal factor axes 
at a time in order to determine how sediment samples are related to each
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Table 5.2: Composition scores of the reference factor axes.
Composition Scores of Reference Factor Axes
PHI
CLASS
1.75 VAR.
1.50 VAR.
1.25 VAR.
1.00 VAR. 
0.75 VAR.
-0.50 VAR.
0.25 VAR. 
-0.00 VAR. 
0.25 VAR. 
0.50 VAR. 
0.75 VAR.
1.00 VAR.
1.25 VAR.
1.50 VAR.
1.75 VAR.
2.00 VAR.
2.25 VAR.
2.50 VAR.
AXIS 1
1 -1.5489
2 0.0603
3 0.3452
4 1.2060
5 0.6351
6 1.0103
7 -0.9654
8 -1.9405
9 0.5781
10 2.9321
11 4.3249
12 6.5760
13 11.4753
14 18.7928
15 22.2971
16 19.2622
17 9.8858
18 5.0738
0.2265 41
-0.6835 14
-0.4711 15
-0.9564 22
-0.7697 4
2.8695 3
13.7257 -1
22.0167 -2
19.0065 -0
12.5229 1
9.1400 2
8.1003 2
7.5687 2
5.6195 1
2.3767 -1
-0.0966 -2
-0.3416 -1
0.1462 -0
3 4
.9284 -2.3237
.0909 4.2065
.2527 7.8628
.1183 18.6149
.4796 14.6061
.1940 27.5957
.8964 20.9471
.8275 10.4222
.1560 2.1323
.5858 -1.2813
.0386 -2.4867
.6048 -3.5232
.6019 -3.6125
.0869 -2.4477
.1043 0.7994
.5938 3.5011
.5564 2.9894
.8475 1.9975
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factor (see Figures 1 through 12 in Appendix A). These plots display 
the relationship of sediment samples as they occur in two dimensional 
space, two axes at a time. Each factor axis can be considered as a 
hypothetical linearly independent object which is completely dissimilar 
from the axis to which it is orthogonal. Coordinates of plotted data 
points were taken from the rows of the varimax factor loading matrix. 
Negative loadings simply reflect the arbitrary quadrant in which the 
positive end of the factor loading was located. The sign of negative 
values was reversed for purposes of plotting. Each data point in these 
plots represents a sediment sample. Numbers plotted next to data points 
indicate the sample number. The first one or two numbers indicate the 
experiment run number. The last number represents the station where the 
sample was collected.
Obvious groupings and trends exist between experiments. In most 
plots there is a gradation of samples between the two axes. Samples 
lying midway between two factor axes are equally influenced by both 
factors. Samples with the highest loading on a factor are closely 
clumped near 1.0 on an axis while samples with little or no relationship 
to a factor lie near 0.0. The best distinction among sediment samples 
is illustrated in Figures 3 and 4 in Appendix A. Here, axis one, 
representing the finest samples, is plotted against factor axis three, 
representing the coarsest sediments.
5.3.1 End-member Samples
Varimax loadings of the extreme normalized samples determined as 
the end-members of all analyzed sediment samples are listed in Table
5.3. Diagonal elements of this matrix indicate the loading value
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Table 5.3: Communalities and loadings of end-raembers.
Communalities and Varimax loadings of extreme normalized 
samples selected as population end—members.
ENDMEMBER COMM. 1 2 3 4
1) R1.5B 0.9780 0.9864 0.0409 -0.0305 0.0489
2) R2. IB 0.9615 0.1695 0.9619 -0.0016 0.0872
3) R23.1 0.9750 0.0073 -0.0309 0.9715 0.1737
4) R11.2B 0.8643 -0.0373 0.1977 0.0580 0.9058
61
associated with each respective end-member sample. These values may be 
used as a measure of the information content of an end-menber sample 
explained by a factor. The closer the loading is to 1.0, the better the 
explanation. Histograms and cumulative frequency plots, along with 
grain-size statistics calculated for these four end-member samples are 
given in Figure 5.1.
Sediment sample R1.5B (run 1, station 5, experiment 2) was 
determined to be the extreme end-member representing factor one. The 
histogram of this samples grain-size distribution (Figure 5.1a) 
indicates that this sample consists of a slightly negatively skewed, 
well sorted, medium to fine sand (+1 to +2 phi).
Sediment sample R2.1B was selected as the extreme sample 
representing factor two. Histogram (b) in Figure 5.1 shows that this 
sample consists of moderately well sorted, mesokurtic, very coarse to 
coarse sand with a strongly skewed tail of medium to fine sand. The 
mean and median of this grain-size distribution are much coarser than 
that of sample R1.5B, the end-member sample of factor one.
Exemplifying the coarsest sediments is sample R23.1. This sample 
was chosen as the extreme real sample best related to factor three. 
Ninety six percent of this sample is composed of granule and pebble size 
grains. Examination of the histogram and related graphic and moment 
measures of this sample indicates that it is a moderately well sorted, 
coarsely skewed, platykurtic distribution. The majority of its 
population lies between -1 and -2 phi (Figure 5.1c).
Factor four's end-member sample is R11.2B. This sample's grain- 
size distribution falls between the end-member distributions of factor 
two and factor three. Sample R11.2B consists of 83% very coarse sand
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Figure 5.1: Histograms, cumulative frequency plots and grain-
size statistics of sediment samples determined as 
end-members of all samples collected during both 
experiments.
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and 17% gravel size sediments. This sample is very well sorted, 
coarsely skewed and leptokurtic (sharp peaked or an excess in the 
extremes) (Figure 5.Id).
5.3.2 Sediment Sample Groups
The varimax factor loadings matrix was used to group all sediment 
samples according to the principal factor axes on which they have the 
highest loading after rotation. Cumulative weight percents of the sand 
and gravel fraction along with the graphic and moment measures of all 
swash sediment samples are listed in Appendix 2. For each experiment 
samples are divided into groups based on the factor axes they are best 
associated with. It should be noted that most of the statistical values 
within a group are very similar to each other. Mean grain-size 
statistics based on these all sediments within a group are given in 
Table 5.4.
It can be seen in Table 5.4 that 37.4% of samples are best related 
to, or grouped, with factor one. About an equal number of samples can 
be best associated with factors two and four, 27.2% and 21.3%, 
respectively. Only 12.2% of all samples fall into the category 
described by factor three.
Approximately two percent of the sediment samples can not be 
adequately described by any of the four factors. These samples are 
flagged by extremely low communalities (less than 0.70). Examination of 
cumulative frequency plots and histograms of these five samples, 
referred to as group zero, indicates that these samples are moderately 
well sorted, coarsely skewed, leptokurtoic, very fine sand. Because 
there are so few fine grained samples in this study, they can not be
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Table 5.4: Mean statistics of grouped sediment samples.
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correctly classified by the previously described groups. Using a 
greater number of principal factors in the analysis may have 
strengthened the communalities of these fine grained samples, but would 
have acted to increase the amount of total variance explained by less 
than five percent.
Statistics derived from finding the mean value of each statistic 
within a group, display values similar to those exemplified by the end- 
member samples (Table 5.4). Group one samples (best described by factor 
one) consist of moderately well sorted, coarse-skewed, leptokurtic 
medium sand. The average sample in group one contains 98% sand and only 
2% gravel size sediment. The gravel size fraction is composed mainly of 
small shell fragments.
Samples best related to factor two will be referred to as group two 
sediments. Mean statistics based on group two samples indicate that the 
typical sample is moderately well sorted, fine skewed, mesokurtic coarse 
sand. The average sample contains 96% sand and 4% gravel size sediment. 
Although sand and gravel weight percents are similar to those calculated 
for group one, they differ in that the mean grain-size of group two is 
coarser and skewness is reversed.
Samples with a high loading on factor axis three mainly consist of 
coarse gravel. Distributions are moderately sorted, near-symmetrical 
and mesokurtic. A mean sample contains approximately 20% sand and 7 8% 
gravel size sediments. These samples fit into the category labeled 
group three.
Group four samples have the highest loading on factor axes four.
The typical sediment distribution is composed mainly of very coarse 
sand. The sand is moderately sorted, finely skewed and leptokurtic.
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Sand comprises 7 4% of the sediment distribution while gravel comprises 
26%.
5.3.3 Sediment Groups over Time
A simple, yet informative way to examine these groups, is to 
display the surface sediment transect over time (Figures 5.2 and 5.3). 
From these plots it can be seen that there is a systematic transition of 
sediment factor groups over time. During both experiments, sediments 
labelled as group one appear to represent the typical grain-size 
distribution present across most of the swash zone at low tide (time 
zero). The landward most stations (5 through 7), rarely affected by all 
but maximum uprush near the time of high tide, indicate a shift from 
group one type sediments to group two type sediments over the tidal 
cycle. During experiment two, this shift, at the landwardmost stations 
is reversed (Figure 5.3). Most of the upper swash zone stations are 
restored to their original sediment group by the following low tide. 
Seaward stations (1 thru 3) exhibit a transition from group one (finest 
sediments) to group two to group four to group three type sediments 
(mainly gravel) around the time of high tide. At high tide the greatest 
amount of energy is concentrated on the shoreface allowing movement of 
this coarse group. Mid-swash stations transition from group one to 
group two to group four type sediments.
As the tide retreats, the transition is reversed. Sediments revert 
back to their low tide position moving from the coarsest group back to 
the finest group originally present. The coarseness of group three 
sediments never allows movement or transport beyond station three.
Group four, the second coarsest, reaches as far landward as station four
67
Figure 5.2: Sediment factor groups plotted over a tidal
cycle during experiment one on October 19, 1985. 
The dotted line represents the mean position of 
the step. The solid lines indicate the mean 
upper and lower swash positions.
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Figure 5.3: Sediment factor groups plotted over a tidal
cycle during experiment two on March 28, 1986.
The solid lines indicate the mean upper and lower 
swash positions.
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from the time of high tide through ebb. This transition represents the 
transport of step sediments, somewhat finer than group three sediments, 
up the beachface. Seaward stations eight and nine of the March 
experiment can be associated with the finer grained sediments seaward of 
the step's position (Figure 5.3).
In summary, the identified four groups of sediment types display a 
distinct zonation having upper and lower boundaries on the beachface.
The sediment at a particular sampling station follows a consistent 
pattern of altering and restoring itself to the textural characteristics 
originally present. Group one and group two type sediments dominate the 
upper and mid swash zone. Groups three and four prevail over the higher 
energy areas of the step and the lower swash zone.
5.3.4 Factor Groups Versus Standard Statistics
Many of the samples analyzed show bimodal or multi-modal grain-size 
distributions. Friedman (1967) used plots of statistical parameters to 
distinguish among different environments. To better examine the 
validity of determined groups, plots of the moment-measure mean (X1MM) 
were plotted against the standard deviation (X2MM) and against the mean- 
cubed deviation (X3MM) (Figures 5.4 and 5.5). X2MM is a measure of 
sorting, while X3MM indicates skewness. Each point in the plots 
represents one sediment sample, and the number indicates the group to 
which it was assigned by examination of the factor loadings matrix.
From these plots it becomes obvious that samples within the same group 
show similar statistical characteristics. Each group in the plot is 
circled in order to easily identify similarities and differences among 
samples.
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Figure 5.4: Plot of the moment measures mean (X1MM) versus 
the mean cubed deviation, skewness, (X3MM) of 
surface sediment samples from (a) October 19, 
1985 and (b) March 28, 1986.
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Figure 5.5: Plot of the moment measures mean 
the standard deviation, sorting, 
surface sediment samples from (a) 
1985 and (b) March 28, 1986.
(X1MM) versus 
(X2MM) of 
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Group one sediments in Figure 5.4 (a) and (b) indicate that the 
finer the sediment, the lower the mean-cubed deviation (higher negative 
values). Group one samples have the finest g^Rin-size distributions and 
are coarsely skewed. This suggests that as the mean phi value becomes 
finer, the greater the weight percent of the coarse fraction. This 
negative skewness may be caused by the winnowing or a depletion of fines 
on the beach. Group two sediments are slightly finer than group four 
sediments, with skewness falling within a similar range. Both groups 
have positive values of X3MM (fine skewed). Group three, the coarsest 
samples, have a X3MM value that is nearly symmetrical around zero.
Plots of X1MM versus X2MM (Figures 5.5 a and b) show trends similar to 
those described above. No trends in sorting are readily evident. 
Comparisons between experiments indicate that groups three and four are 
more poorly sorted in October than they are in March.
Another way to illustrate the orderliness within groups is by 
plotting the cumulative frequency distribution of each sediment sample 
on log-probability paper. Visher (1969) showed that significant 
differences in grain size distributions, forced by different transport 
processes acting in varying magnitudes, can be distinguished by 
examination of breaks in log-probability curves. Using the method of 
Visher (1965), Figure 5.6 displays log-probability plots of the four 
end-member sediment samples. Line segment slopes, junctures and 
truncation points among end-member samples differ from each other. All 
sediment samples are plotted on log-probability graphs in Figures 5.7 
thru 5.10. Comparison among the four groups indicates distinct 
differences between sets of curves.
All curves generally consist of three or four segments; a coarse
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Figure 5.6: Log-probability plot of the four sediment samples 
selected as end-members of all surface sediment 
samples collected from the swash zone.
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fraction, one or two middle fractions, and a low energy tail of fines. 
The latter fraction typically comprises less than 1% of the total weight 
percent. Plots of samples associated with factor axis one (Figure 5.7) 
indicate that the coarse fraction has poorer sorting than the middle 
fraction. The two dominant fractions are separated by a break around 
the 45th percentile.
Curves of factor two groupings can be broken visually into three 
segments, similar to group one (Figure 5.8). A fine break occurs at 2.0 
phi near the 85th percentile. The middle fraction ranges from 0.25 phi 
to 2.0 phi and is moderately sorted. The coarse fraction extends to the 
50th percentile and is steeper (better sorted) than the middle fraction. 
Overall, curves are shifted to coarser sizes when compared with those of 
group one. Unlike group one curves, here, the coarser fraction is 
better sorted than the finer fraction.
Factor three groupings compromise the smallest percentage of all 
samples. Figure 5.9 indicates that there is a fine break at 2.0 phi 
near the 90th percentile. The middle segment ranges from the 50th to 
90th percentile extending from -1.0 phi to 2.0 phi. This middle segment 
is virtually flat, indicating very poor sorting of the medium to coarse 
sand fraction. The coarse gravel fraction is moderately well sorted and 
comprises most of the grain size distribution. The shift of line 
segments representing group three sediments is much coarser than those 
of group one and two.
Factor four sediments (Figure 5.10) display a moderately well 
sorted tail of fine sediments occurring between 1.5 phi and 2.0 phi.
The middle fraction is poorly sorted and extends from the 50th to the 
90th percentile. The middle and coarse fraction are separated by a
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Figure 5.7: Log-probability plots of sediment samples best
related to factor one on (a) October 19, 1985
and (b) March 28, 1986.
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Figure 5. L°g-pr°bability plots of sediment samples best
related to factor two on (a) October 19, 1985
and (b) March 28, 1986.
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Figure 5.9: Log-probability plots of sediment samples best
related to factor three on (a) October 19, 1985
and (b) March 28, 1986.
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Figure 5.10: Log-probability plots of sediment samples best
related to factor four on (a) October 19, 1985
and (b) March 28, 1986.
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break near -0.25 phi. This coarser fraction has much better sorting 
than the middle fraction. Slopes of line segments of group four 
sediments are similar to those of group three yet shifted towards the 
fines.
In summary, the finest fraction or line segment represents a very 
small portion of the samples. Group one samples demonstrate the best 
sorting of the middle size fraction followed by group two sediments, 
group four sediments, and finally group three sediments (whose curves 
are relatively flat). The coarse fraction of group two and group four 
sediments have identical slopes. This slope is also similar to that of 
group three. The coarse fraction of group one sediments is less well 
sorted than in the other groups. Group three sediments have the largest 
percent of their population represented by the coarse segment.
Truncation points or population breaks in all groups occur within a 
similar range. All have an upper break between 2.0 and 2.25 phi and a 
lower break between 0.00 and 0.25 phi. Intermediate populations may 
display one or two breaks typically occurring between 1.25 and 1.75 phi. 
Visher (1969) suggested that these middle population breaks represent 
two saltation populations. The finer segment being associated with 
swash uprush and the coarser one, swash backwash.
Further analysis showed that when samples at a specific station are 
plotted over time, this inflection (break) changes location 
systematically. The probability curve of the sample taken during the 
first run of the experiment (low tide) closely resembles the curve of 
the sample taken during the last run (low tide).
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5.4 Profile Response
As found by previous researchers, (Schwartz, 1967; Strahler, 1966; 
Otvos, 1965; and Duncan, 1964) a systematic pattern of sediment level 
fluctuations occur over the period of a tidal cycle. As the tide rose, 
the position of the swash zone migrated up the foreshore. In 
conjunction with this, each station shows a progression of deposition 
and erosional events coinciding with the rise and fall of the tide.
Past research in the swash zone by James and Brenninkmeyer, 1977 has 
shown that onshore sediment movement predominates during low tide while 
offshore sediment migration dominates during low tide.
The response of the foreshore's profile elevation, due to changes 
in mean water level during the experiments, are plotted as a time series 
in Figures 5.11 and 5.12. The figures show the twelve active elevation 
stations running from just seaward of the step to the upper foreshore. 
True elevations, in cm, relative to mean sea level, are indicated on the 
line intersecting zero on the y-axis. At stations furthest seaward, 
profiles became very difficult or impossible to survey during high tide. 
Much of the irregularities observed at the seaward stations in Figure 
5.11 and 5.12 can probably be attributed to measurement errors.
Examination of the variation in surface sediment elevation during 
the October experiment indicates a small initial deposition near the 
upper swash limit as the tide migrates up the beachface on flood. This 
depositional phase is followed by an erosive phase near the mid-swash 
zone. The amount of erosion decreases with distance landward. This 
erosional phase is again followed by a depositional stage during falling 
tide. This phase acts to nearly restore profiles at mid-swash stations 
nearly to their original elevations. Landward stations differ from the
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Figure 5.11: Time series of the variation in the elevation of 
the foreshore profile, in cm, relative to initial 
measurements taken near low tide. Experiment 
one, October 19, 1985. The dotted line 
represents the mean position of the step. The 
solid lines indicate the mean upper and lower 
swash positions.
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Figure 5.12: Time series of the variation in the elevation of 
the foreshore profile, in cm, relative to initial 
measurements taken near low tide. Experiment 
two, March 28, 1986. The solid lines indicate 
the mean upper and lower swash positions.
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patterns observed at seaward stations. These upper stations experience 
an initial deposition accompanied by an insufficient amount of scour to 
restore the profile to its initial low tide elevation. The furthest 
landward stations (12 and 13), inundated only by extreme uprush, show 
little change over time. The seawardmost stations (1 through 5 in 
October and 1 through A in March) did not regain the sediment required 
to restore the profile to its initial low tide condition. Middle to 
upper stations (7 through 11 in October and 6 through 11 in March) 
exceed the initial profile and exhibit a net deposition in the form of a 
mini-berm.
Figures 5.13 and 5.1A may be more helpful in explaining 
fluctuations in elevation. These figures show the average sediment 
variation, in cm, between each run. A negative value signifies erosion 
between the previous and present run, while a positive value indicates 
deposition. Variations of 0.05 cm or less can be attributed to sampling 
error. The observed minimum and maximum swash position are indicated by 
the solid line relative to the elevation transect over time. The dotted 
line in Figure 5.13 indicates the observed location of the step. A 
negative value signifies that erosion occurred between the previous and 
present run. Due to a measurement error of + 0.05 cm, variations less 
than this should be considered as no change.
In Figure 5.1A one can see how the distance between the lower swash 
position and the step increases around the time of high tide. This 
increase occurs because in deeper offshore water, shoaling waves meet 
with less resistance and break with greater energy. Spilling breakers 
and an increase tidal level force the swash to move higher up the beach.
Smoothed 3-D time series plots of swash zone elevation changes, in
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Figure 5.13: Average accretion and erosion, in cm, of 
foreshore profile, between each sampling 
Experiment one, October 19, 1985.
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Figure 5.14: Average accretion and erosion, in cm, of 
foreshore profile, between each sampling 
Experiment two, March 28, 1986.
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cm, during the experiment, are given in Figures 5.15 and 5.16. Midway 
up the beach, the systematic sediment fluctuations described above, 
become highly visible when plotted in this fashion. The gradient of the 
beach is noticeably smaller during low tide. This less steep beachface 
initiates a longer swash period and lower uprush/backwash velocities 
than during high tide. As the tide rises and the mid-swash zone becomes 
saturated, less of the swash is lost to the watertable by percolation. 
From these plots it should be noted that erratic fluctuations (whether 
real or due to experimental error) occur near the step region. A zone 
of deposition follows the tide up the beachface at the middle stations 
followed by erosion until the time of high tide. The eroded sediment is 
restored close to the stations original elevation on falling tide.
Little or no variation is seen on the upper reaches of the shoreface 
after the initial accretion during flood tide.
From the previously discussed diagrams showing the fluctuations of 
the foreshore profile, it become easier to visualize the cyclic 
variation initiated by a change in the position of the swash.
5.5 Sediment Cores
Descriptions of sedimentation units and the depth of disturbance 
were based on cores of the sediment deposited above the buried washer, 
visual logs, resin peels and photographs taken from the study site at 
the conclusion of the experiments. Refer to Figures A.3 and 4.4 for 
locations of the dyed plugs. Core descriptions begin with October's 
experiment working from the landwardmost station seaward.
In October, the deposit collected from stations above the high tide 
mark consisted of thin laminations (< 0.5 cm) of uniform texture. The
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Figure 5.15: Smoothed 3-D plot of the time series of elevation 
changes of the foreshore profile, in cm, 
relative to initial measurements taken near low 
tide. Experiment one, October 19, 1985.
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Figure 5.16: Smoothed 3-D plot of the time series of elevation 
changes of the foreshore profile, in cm, 
relative to initial measurements taken near low 
tide. Experiment two, March 28, 1986.
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dyed, core at station five was overlian by a 0.5 cm net deposit of medium 
to fine, well sorted sand.
The washer at station four was buried under 1 cm of well sorted, 
medium-fine sand. This sedimentary unit was underlain by a thin band of 
heavy minerals. Below this band of heavy minerals was a deposit of 
medium sand intermixed with subangular small gravel-size shell and rock 
fragments. Bedding appeared planar.
The washer placed at station three indicated that a net deposit of
4.0 cm had occurred. In sequence, the deposit consisted of 0.5 cm of 
moderately well sorted, medium-fine sand. This sedimentary unit was 
underlain by a deposit of medium size sand intermixed with small gravel 
size subangular rock and shell fragments; similar to the deposit found 
at station four. This 1 cm deposit was underlain by a coarser gravel in 
a matrix of medium size sand. Bedding appears to dip slightly landward.
At the end of the tidal cycle, the deposit at station two displayed 
a layer of heavy minerals on its surface. The net deposit consisted of 
1 cm of poorly sorted, medium-fine grained sand intermixed with medium 
gravel size sub-rounded rock fragments. Underlying this minor deposit 
was a sedimentary unit of very poorly sorted medium to large subrounded 
gravel in a matrix of smaller gravel and medium-coarse sand. No 
individual laminations were visible, but the gravel and pebbles 
displayed a definite alignment, dipping in the landward direction.
Station one was located on top of the redeveloped step at the end 
of the tidal cycle when cores were collected. This zone was 
concentrated with large subrounded gravel and pebbles size rocks. 
Repeated attempts to locate the original deposit with the Klovan corer 
or to determine the depth at which the washer was located, proved
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unsuccessful. Excavated sediment would fill in when the backwash 
collided with the incoming breaker; making it impossible to recover the 
washer or determine its position.
Cores collected during the March experiment varied from those of 
October in both depth of disturbance and in the structure of sedimentary 
units. In March, deposits at stations five and six of the "dyed core" 
transect were untouched during the tidal cycle. Washers, marking the 
depth of disturbance at these stations, remained on the sediment 
surface, indicating no net deposit.
Station four demonstrated a net deposition of only 0.33 cm. This 
deposit consisted of moderately well sorted medium-fine sand as a 
surface veneer over the dyed placer deposit.
The washer at station three was buried 5 cm. The net deposition 
consisted of two sedimentation units two cm of moderately well sorted 
medium-fine sand overlying 3 cm of slightly coarser moderately sorted 
sand. Beds appeared planar.
At station two, the washer was located under a net deposit of 10 
cm. Sedimentation units over the dyed deposit alternated between layers 
of coarse sand and gravel size sediment intermixed with moderately well 
sorted medium sand. The gravel fraction was composed of small 
subangular shell and rock fragments. The stratigraphy of the core 
revealed planar beds consisting of 1.5 cm of the finer sand overlying
0.5 cm of the coarse deposit. This deposit was followed by 3 cm fine, 1 
cm coarse, 1.5 cm fine, 0.5 cm coarse and 2 cm of fine at the base of 
the deposit.
The core at station one indicated a depositional sequence of planar 
bedding similar to that found at station two. The depth of disturbance
91
indicated by the washer was 13.5 cm. The grain matrix was similar to 
the core described at station two, medium grained moderately sorted sand 
interbedded between 0.5 cm and 1.0 cm deposits of medium-coarse sand 
that was intermixed with small rock fragments and shell. Gravel size 
fragments appeared to be slightly coarser than those found at station 
two.
A comparison between the time-series of surface sediment samples 
collected adjacent to coring stations with retrieved cores was not 
feasible since much of the original stratigraphy was destroyed during 
transport. The surface laminae of collected cores were almost identical 
to samples taken at the surface sediment transect 2 m away.
5.6 Time Lapse Photography and Visual Observations
The 8mm motion pictures of the swash position, swash width and 
breaker type occurring during the experiment were analyzed with a hand 
operated reel to reel device. This machine allowed each frame to be 
examined individually. Even though wave conditions varied 
significantly, certain similar systematic variations in swash action and 
breaker type were noted in both experiments. Moderate energy wave 
conditions prevailed during the first experiment while higher energy 
wave conditions were present during the second experiment. In Table 3.1 
it can be seen that wave periods were shorter (mean of 6.95 seconds) and 
mean significant wave heights (HMO) were smaller (mean = 0.69 m) during 
the October experiment than during the March experiment. During 
experiment one the wave height remained almost constant throughout the 
study while during experiment two, wave conditions altered with the tide 
(Figure 4.1). Wave heights in March show an almost linear increase,
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peaking around the time of high tide and then gradually decreasing. In 
March the mean wave period was 9.42 seconds while the average HMO was 
1.18 m. Higher frequency wind waves dominated during the first 
experiment, while larger period swells appeared to prevail during the 
second study.
In general, the progressive shoreward modification of shoaling 
waves varied according to the stage of the tide and with changes in the 
beach morphology. Waves initially broke at a bar approximately 200 m 
offshore (Figure 4.2). Upon breaking, waves generally advanced as a row 
of several breakers simultaneously moving shoreward. During both 
experiments, breakers approached nearly shore parallel (+ 10 degrees) 
for the entire tidal cycle. Typically, breakers could be classified as 
being spilling at low tide and progressing to plunging as the tide rose. 
An increase in mean water level with rising tide forced the shorebreak 
to increase in intensity. At high tide less energy is dissipated over 
the offshore bar, thus deeper water and less wave dissipation creates 
higher waves at the shore break. As the tide fell, breakers reverted 
back to the spilling type.
Throughout this transition from low to high tide, a noticeable 
steepening of the foreshore profile was evident in the time series of 
photographs. Foreshore steepening was accompanied by larger breaking 
waves and an increase in swash zone width and swash period. Visual 
observations indicated that this transformation noticeably increased 
swash/backwash velocities.
The swash run-up varies systematically through the tidal cycle.
The swash zone migrated approximately 22 m across the beachface during 
experiment one and almost 35 m during experiment two. The width of the
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swash zone was narrowest at low tide. During falling tide, the 
foreshore became more dissipative, thus decreasing swash/backwash 
velocities as well as nearshore breaker heights.
Currents measured 600 m offshore during the week of the experiments 
are shown in Figures 5.17 and 5.18. These plots indicate the dominant 
current direction and speed of the total current as well as the 
north/south and east/west components. The first half of the current 
record for October 19, 1985 was not collected due to a failure in 
equipment. The predominant current during experiment one was onshore, 
towards the north-west, with an average velocity of 0.1 m/s. During 
experiment two, currents were larger, and directed offshore towards the 
south-east with an average speed of 0.2 m/s.
These offshore currents are wave-generated and important in the 
transport of sediments. Flatter waves tend to move sediment shoreward 
while steeper waves transport sediment offshore near the bottom 
(Raudkivi, 1967). Wave induced longshore and rip currents are more 
important factors in the transport of nearshore sediments since they 
occur inside the breaker zone. Tidal fluctuations resulting from the 
interaction of gravitational forces produce rotary and bidirectional 
tidal currents in the nearshore (Wright, 1981). These currents also 
assist in the redistribution of nearshore sediments.
All of these currents were probably operating jointly to assist in 
the nearshore transport of sediments. The strength and direction of all 
but the wave generated currents during the experiment are unknown. Yet 
contribution of currents in assisting in the process of nearshore 
sedimentation is acknowledged as a possible factor influencing 
experiment results.
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Figure 5.17: Hourly averages of nearshore currents at Duck, 
NC, in m/s, from October 13-19, 1985. The plot 
indicates the direction and magnitude of the net 
current as well as the N/S and E/V7 components.
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Figure 5.18: Hourly averages of nearshore currents at Duck, 
NC, in m/s, from March 23-28, 1986. The plot 
indicates the direction and magnitude of the net 
current as well as the N/S and E/W components.
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Another parameter influencing sedimentation patterns is the effect 
of the wind. Wind speed, direction and duration affect the incident and 
nearshore climate of waves and currents. Examination of wind speed and 
direction measurements obtained from on top of the FRF laboratory 
indicates that in October the wind was blowing out of the south from the 
start of the experiment until 8:00 AM. The wind then shifted to the 
southwest until near the end of the experiment when winds reverted back 
to being southerly. Throughout the experiment, wind speeds were light 
and relatively constant ranging between 2 and 3.5 m/s. In March, early 
morning winds were out of the north at approximately 10 m/s, shifting to 
the northeast around mid-day. Wind speeds steadily decreased during the 
day, falling to approximately 6 m/s by the end of the experiment.
Land breezes associated with diurnal temperature variations were 
evident only during the early morning of the first experiment when the 
wind was from the south-southwest. The effects of land and sea breezes 
caused by temperature variations between the land and sea are not as 
obvious during experiment two.
Observations of tidally induced groundwater fluctuations indicated 
a lag between the change in sea level and the groundwater response. The 
beach was driest under rising tide conditions and most saturated during 
falling tide. The watertable was highest during and just preceeding 
high tide. With nearly every uprush, a groundwater outcrop or effluent 
followed the backwash downslope.
I. DISCUSSION
6 .1 Factor Analysis
Diagrams included in the results section indicate that it is 
possible to distinguish between grain-size populations from the swash 
zone of a beach with the use of Q-mode factor analysis and by plotting 
sediment statistics on scattergrams (Figures 5.4 and 5.5). Spatial 
trends found by mapping the factors over time suggests that some 
underlying casual influences may be responsible for the observed 
zonation of sediment groups. A systematic, spatial variation of factor 
groups based on the stage of the tide is evident. The observed textura 
zonation of sediment groups over time (Figures 5.2 and 5.3) suggests 
that the position of the swash controls the transport of specific 
sediment sizes across the swash zone.
Relating results derived from factor analysis to the physical 
dynamics of sediment transport phenomena in the swash zone becomes a 
complicated and risky subject. In an attempt to assign factors some 
physical significance, (similar to Klovan, 1966) it is proposed that 
each of the four factors may represent the dominance of different modes 
of sediment transport. The dominance of a transport process on 
foreshore sediments appears to be dependent on the position of the 
sample on the beachface and the quantity and size of available material 
Also important are the beach state, the stage of the tide and the 
impinging wave energy.
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If, as found by Visher (1969), each sediment transport process is 
reflected in the grain-size distribution, then the proportion of each 
population should be related to the relative importance of the 
corresponding process. By plotting log-probability curves of the 
surface sediments grain-size distribution over time, it was found 
that breaks between component populations move systematically within and 
between stations. These systematic variations indicate the presence of 
a dynamic process operating constantly to modify the sediment 
distribution. This indicates that the shifting junction between 
component populations must be the result of a transport process 
constantly modifying the grain-size distribution.
Each sediment group typically produced log-probability plots with 
an overall different appearance from other groups. Yet, all groups 
display similar sub-populations in varying proportions and with varying 
size limits. Thus, the sediment populations represented by each factor 
group probably have a somewhat different transport history than 
sediments related to other groups. The hydrodynamic behavior of the 
different groups probably is largely inherent on the sediment sizes 
represented by that group. Differences in the four types of curves may 
represent a progression of sediment being transferred from one zone of 
the swash to another and possibly a sequence of the dominance of a 
transport process.
The effects of varying seawater temperature during experiments on 
the calculated grain-size distributions should be most pronounced in 
group one sediments since they represent the finest populations. As 
previously mentioned, the finer the sediment, the greater the effect of 
temperature on a grain's fall velocity. Group one sediments, obtained
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during the March experiment (Figure 5.7), display a 0.25 phi shift of 
the median grain-size towards the fines. This shift may be an artifact 
of water temperature differences between the two experiments.
If log-probability plots of grain-size distributions do reflect 
transport processes and assuming all sub-populations are log normal 
distributions, then the following hydrodynamic implications may be made 
based on the probability plots of the four sediment groups.
Factor one represents samples that have an excess of medium to fine 
sand size sediments. Samples are also characterized by particularly low 
percentages of gravel size sediment. The average diameter of grains is
1.2 phi. All samples are negatively skewed and moderately well sorted. 
Factor one samples occur throughout the swash zone at low tide and at 
upper beach stations during the entire tidal cycle. This upper zone is 
only occasionally inundated by extreme swash near high tide. By the 
time this upper zone is reached by the uprush of an incident wave, the 
swash depth and velocity have decreased due to saturation of the uprush 
on lower areas of the beachface. Because of infiltration, little or no 
return flow occurs. Only the finest sediments would be transported to 
this upper zone of the foreshore. Thus it appears that the dominant 
mode of transport of factor one sediments is saltation or intermittent 
suspension (in areas having a sufficient swash velocity and depth). In 
Figure 5.7, the steep slope of the finer sub-population reflects the 
competence of the uprush in sorting sediments.
Factor two is associated with medium to coarse grained sand and was 
best related to 27.2% of the samples analyzed. The average diameter of 
samples represented by factor two is 0.28 phi. Samples are positively 
skewed and moderately well sorted. Factor two type sediments dominate
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the mid to upper swash zone and appear to be a mix of coarser lower 
foreshore sediment mixing with finer antecedent sediment of the upper 
foreshore as the tide migrates up the beach. Water depths and swash 
velocities in the mid-swash zone, where factor two type sediments 
dominate, may be great enough to support the movement of coarse sand, 
typical of this group. For example, the initial sediment group at 
sampling stations 4 and 5 in October and at stations 3, 4 and 5 in March 
are initially related to factor one. Once these stations are inundated 
as part of the mid swash zone, there is a transition from group one type 
sediments to group two sediments.
Factor three represents- samples that are predominantly granule 
size. Approximately 12% of the samples collected fall into this 
category. The mean diameter of sediments in this group is -1.6 phi.
The coarseness of this population never allows movement beyond station 
two or three. These sediments mainly occur near the step. Factor three 
type sediments always follow the appearance of factor four type 
sediments. In March, factor three type sediments are present only near 
the time of high tide and only in areas experiencing erosion. This 
suggests that factor three type sediments may be partially derived from 
the undermining of antecedent sediments. In October, factor three type 
sediments are found in the lower swash zone near high tide while the 
profile is eroding on rising tide and while accreting during falling 
tide. The finer sub-population of these samples is very poorly sorted 
(Figure 5.9). This may be related to the higher energy present during 
the October experiment. Here, the velocity of the opposing currents of 
the uprush and backwash force an almost instantaneous deposition of 
transported sediments.
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Factor four represents samples with a very coarse sand population 
intermixed with some gravel. The average sample contains 26% gravel.
The mean grain-size of sediments associated with factor four is -0.48 
phi, very coarse sand. The finer sub-population of these sediments is 
very poorly sorted. Factor four samples are not as coarse as those 
associated with factor three (Appendix B). Factor four type sediments 
precede the arrival of factor three sediments and usually follow the 
appearance of factor two sediments. Initially present only on the lower 
foreshore, factor four type sediments appear to migrate up the beach 
with a rising tide. During the March experiment, as the tide fell, this 
translation was reversed.
The stage of the tide acts as a low-pass filter by controlling the 
position of the swash on the foreshore. The position of the swash in 
turn controls the selective transport of finer grains for deposition on 
the upper beach by means of saltation and suspension while the limited 
migration of the coarse gravel size step is mainly controlled by 
traction and saltation. Depending on the stage of the tide and 
available energy, the transport of a specific size fraction will vary.
It would be difficult to assign a particular mode of transport or 
deposition to each specific group. Around the time of high tide, when 
uprush/backwash velocities and swash zone width are greatest, it is 
probable that the size of the coarsest grains able to be transported by 
saltation and suspension increases. It can be inferred that the 
selective transport of sediment groups represents the affect of average 
hydrodynamic processes working on the swash zone. The migration of the 
tide causes a short-term variation in the transport processes while the
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resulting deposition is probably more important to the long-term 
adjustments of the foreshore.
In the moderate to high energy beach of Duck, North Carolina, where 
wave energy is concentrated at the lower foreshore, a selective removal 
of fine and very fine material should be expected. The sediment with 
the greatest probability of remaining in the lower foreshore is the 
coarsest grained, granule fraction, represented by groups three and four 
sediments. Here the quantity of the saltation and traction population 
is abundant, whereas the saltation and suspension sub—populations should 
be very small. Similar to the observations made by Miller and Zeigler 
(1958), the action of the swash appears to be winnowing the fines, thus, 
leaving a lag of coarse behind on the lower foreshore. The break 
between the traction/saltation population is variable when comparing 
probability plots of factor groups one and two with those of groups 
three and four. Further up on the beach face, factor groups one and two 
dominate the grain-size distributions during most of the tidal cycle. 
Sorting in the saltation and traction fraction are greatly improved.
6.2 Profile Adjustments
As the position of the shore break varies with the tide, changes in 
the foreshore profile are controlled by erosion and deposition. This is 
in turn controlled by wave energy and groundwater infiltration. Above 
the effluent line the unsaturated beach enhances deposition. Below this 
line, the beach is saturated and erosion dominates. Although the tidal 
height, the wave period and height, and the current magnitude and 
direction were noticeably different during both experiments, there were 
similar, systematic patterns in the surface elevation of the foreshore
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profile. This pattern of erosion and deposition was similar to that 
observed by previous investigators (Duncan, 1964 and Strahler, 1966).
In March, this cycle of erosion and deposition was translated 
approximately 10 m further landward than in October, thus affecting a 
larger area of the foreshore. Also during the March experiment, a 
slightly greater amount of sediment was eroded and deposited at surface 
elevation stations than during October's experiment.
What did not match observations found by previous investigators was 
that the upper swash zone did not return to the initial profile 
configuration but experienced a net deposition in the form of a mini- 
berm (Figures 5.11 and 5.12). This net deposition suggests that the 
beach at Duck, NC was in a building or accretional stage during the 
experiments and not in equilibrium. Since only half (13 hours) of the 
complete semidiurnal tide was monitored, it remains inconclusive as to 
if the profile would have been restored to its original configuration 
during the second have of the tidal cycle. The effects of the 
inequality in the semidiurnal tide produced by the diurnal constituent 
may be important in establishing profile equilibrium.
Profile adjustments caused by periodic variations in run-up height 
were noted within each sample run. These high frequency events were not 
the focus of this study and were averaged to find a mean elevation for 
each run. Eliot and Clarke (1988) noted that when these high frequency 
oscillations were superimposed on a record of tidally induced elevation 
fluctuations, their amplitude exceeded changes forced by the tide.
These elevation changes differed from the systematic tidal oscillation 
in that they occurred at different elevations on the beachface.
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From analysis of the spatial variation in the surface elevation 
over time, it is inferred that initial deposition results from the 
migration of the swash landward carrying with it sediment that is 
deposited on the dry beach. The high saturation capacity of the dry 
beach removes water from the return backwash, thus causing initial 
deposition of sediments. The restoring force of the backwash is 
insufficient to return sediment down the beach. As the tide continues 
to rise, less of the swash is lost to infiltration since the swash zone 
is saturated and the initial deposition has steepened the beach. The 
capacity of the backwash to move sediment seaward exceeds the capacity 
of the swash to move sediments up the beachface and a net loss occurs in 
the mid-swash zone. During this period of rising tide, as energy on the 
shoreface is increasing, coarser sediment is allowed to migrate up the 
beachface while mixing with sand being reworked by scour. This deposit 
moves to progressively higher levels of the beach. The steepening of 
the beachface causes an increase in the acceleration of the backwash 
allowing it to transport a greater sediment load.
From visual observations, it is evident that as the tide falls, the 
zone of coarse, step-like sediments and the zone of scour retreat back 
down the beach (Figures 5.2 and 5.3). The area of scour is then 
restored with the finer grained sediment derived from reworking the 
upper beach. This acts to restore the profile and grain-size 
distributions to essentially the same conditions found at the start of 
the tide cycle.
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6.3 Sediment Facies
Tide induced modifications produced a distinctive shore-normal 
array of sedimentary facies across the swash zone. Since the initial 
beach surface was marked by dyed plugs and washers, it is inferred that 
these features must have resulted from fluctuations in the nearshore 
wave energy and from the variation in mean water level during the 
experiments. As the tide level increased, waves broke closer to shore 
concentrating energy in the narrow zone where the backwash of the 
previous swash collides with the incoming breaker. From analysis of the 
thickness of the newly deposited sediment unit above the dyed cored it 
is evident that more erosion occurs at stations on the lower-mid 
foreshore. The greater erosion exhibited is probably related to the 
increased energy of the backwash and the effluent of groundwater which 
typically flows through that zone. Upper-most stations on the transect 
were acted upon for only 3-4 hours of the entire tidal cycle. These 
stations experienced little or no net erosion.
As noted by King (1951), an increase in wave height will cause an 
increase in the depth of disturbance of the foreshore sand. This 
increase in wave height as well as other factors i.e. wind strength and 
direction, currents and watertable fluctuations, may aid in this 
erosion. Comparisons of the depths of disturbance for both experiments 
confirm this concept. During experiment one, wave heights and physical 
factors previously mentioned, were less than those during experiment 
two. During experiment one, laminae obtained from collected sediment 
cores were dipping landward. However, experiment two laminae were all 
planar. Geographically, the relative location of station three of the 
dyed core transect on the beachface during experiment one was comparable
106
to the position of station one during experiment two. This resulted 
from the lower placement (further seaward) of stations in experiment 
two. A net deposition of 13.5 cm occurred at station one under the 
higher energies present during experiment two while a net deposition of 
1 cm occurred in nearly the same position during the first experiment. 
This difference must be attributed to the greater energy available 
during the second experiment.
In review, the overall sediment pattern shows a grading of size, 
being finest and best sorted at low tide, especially near the upper 
swash limit. At low tide, a well defined step containing the coarsest 
beach sediments is present near the point where wave break and backwash 
collision occurs. As high tide is approached and more energy is allowed 
onto the beach this step is erased and its sediment is scattered across 
the foreshore. Sorting of sediment across the study area has decreased. 
As the tide once again falls, the foreshore nearly restores itself to 
the initial condition of grain-size and sorting. If the beach had been 
in an equilibrium state, complete restoration of initial conditions 
would have been expected at the end of the experiment (low tide).
The systematic change in the sediment pattern appears to be a 
function of the amount and size of the initial sediment as well as the 
state of the beach profile. The more extensive offshore profile data 
obtained from from CERC (Figure 4.2) indicates that the steepness and 
morphology of the foreshore were similar during both experiments. The 
nearshore bar/trough system was slightly more well defined during the 
March experiment than in October, but offshore positioning was 
identical. Even though different wave, current and energy regimes were 
operating during the two experiments, groupings and trends of sediments
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were very similar on both occasions. This suggests that overall, the 
sediment transport induced by the migration of the swash zone with the 
tide is responsible for the cyclic pattern of sorting and grain-size 
distributions. Furthermore, the magnitude and direction of the energies 
(i.e. wave and current) operating on the foreshore are of lesser 
importance to the spatial variations in grain-size observed over a 
single tidal cycle.
VII. CONCLUSIONS
Measurements of the variation in grain-size distributions, sediment 
elevation and the deposition of laminae on the foreshore have assisted 
in documenting the translation of dynamic, swash-zone processes over a 
tidal cycle. A progressive increase in the foreshore grain-size, 
induced by the migration of the coarse step across the swash zone with a 
rising tide and its return to the lower foreshore at low tide have been 
confirmed.
Q-mode factor analysis has simplified the relationships among the 
size characteristics of 254 surficial swash zone sediment samples 
collected over two separate tidal cycles. Based on this analysis, all 
sediment samples collected during the two experiments from shore normal 
foreshore transects at Duck, NC can be related to four end-member 
distributions. These end-members represent grain-size distribution 
extremes of the data set. The other 250 samples can be considered as 
mixtures of these four extreme samples.
These four factors explain 86% of the total variance in the 
collected grain-size distributions. Individually factor one accounts 
for 32.72% of the sediment variation in the data set. Factor two 
accounts for 23.51% of the variance, factor three, 11.77% and factor 
four, 17.45%. The remaining variance can not be explained with a four 
factor solution. These four factor groups primarily display the 
following characteristics: 1) moderately well sorted, coarse-skewed,
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leptokurtic fine to medium sand, 2) moderately well sorted, fine-skewed, 
mesokurtic medium to coarse sand, 3) moderately sorted, nearly- 
symmetrical, mesokurtic gravel dominated sediment, and 4) moderately 
sorted, fine-skewed, leptokurtic very coarse sand and gravel.
Short term spatial variations in the factor groups are conspicious 
in the active zone of the swash. Probability plots of grain-size 
distributions assisted in differentiating probable depositional and 
transport processes. From probability plots and cumulative frequency 
curves of each sediment sample, it appears that medium sand through 
gravel size sediment are the best textural representative of swash zone 
sediment transport processes operating during the experiments. All 
sediments samples contain very small amounts of a suspension sub­
population. The migration of coarse, step sediments up the beach face 
appears to play an important role in temporarily altering the foreshore 
sediment distribution during a tidal cycle. This coarser, traction- 
dominated population mixes with finer, saltation-dominated populations 
as the tide climbs the foreshore, thus systematically altering the 
surface sediment-distribution.
The following summary is derived from a synthesis of experiment 
results:
1) A textural zonation controlled by the stage of the tide appears to 
be predictable over the period of a tidal cycle.
2) Differences among the four groups of sediment distributions and 
sorting across the swash zone seemingly are related to the dominance of 
a specific transport process acting selectively on certain grain sizes, 
the initial grain-size present and the magnitude and duration of the 
swash on a particular zone of the foreshore.
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3) Profile data have confirmed that the rise and fall of the tide 
results in a systematic pattern of erosion and deposition. Following a 
short-lived initial deposition on rising tide the lower swash zone 
eroded while the upper swash zone accreted. This sequence can be traced 
as a wave migrating up the foreshore with the growing swash zone. As 
high tide is approached and during falling, deposition occurs in the 
lower and mid-swash zone to restore the profile nearly to its original 
low tide morphology. During both experiments, a net accretion in the 
form of a mini-berm was documented on the upper foreshore.
4) Q-mode factor analysis has proven to be a viable substitute for 
univariate statistical measures in describing inter-relationships 
between beach sediment populations. Comparison of sediment groups 
derived from factor analysis with those derived form standard 
statistical sediment analyses has confirmed the validity of factor 
groups and the success of this technique. The usage of factor analysis 
indicates a possible modification of experimental technique which could 
result in a considerable savings in effort without much loss in 
explanatory power.
5) The textural study of modern-day sediments in this highly active 
zone is a useful tool for better understanding the mechanisms of 
sediment transport and for determining the preservation potential of 
stratigraphy. Collected swash zone deposits did not allow a concise 
formulation of their preservation potential. It was found that under 
lower energy conditions, deposits consisted of landward dipping laminae 
(typically associated with rising tide) while higher energy resulted in 
planar laminations. Also, under higher energy conditions sediment was
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disturbed to a greater depth and there was a greater amount of net 
deposition than under lower energy conditions.
6) The textural response of sediments over a relatively short period 
of time may be of significance to scientists and engineers who have 
previously derived "characteristic grain-size distributions" of the 
foreshore without reference to the tidal stage. The potential variation 
of textural characteristics forced by the tidal stage should be 
considered for most sampling designs. In practical application, results 
suggest that samples taken from the mid-swash zone near the time of low 
tide are the best representative signature of the lower foreshore for 
deriving grain-size.
7.1 Suggestions for Future Research
1. It would be interesting to monitor a series of consecutive tidal 
cycles and determine the effects of preceeding tides on the net 
deposition found on the upper foreshore. A longer, more intensive 
study, would be able to better determine when and how equilibrium is 
achieved on this area of the beach.
2. The higher-frequency movement of the swash zone acting at surf- 
beat, shelf and other low-frequencies should be examined in reference to 
its effect on the foreshore sediment size distribution.
3. As found on the moderately reflective beach at Duck, NC, the 
observed zonation of foreshore sediments forced by the tide should be 
tested for its applicability to other beach states.
4. A more complete record of alterations in the watertable should be 
collected in order to better understand the role it plays in altering 
the sediment transport mechanism.
APPENDIX A
PLOTS OF FACTOR LOADINGS ON THE FOUR VARIMAX 
FACTOR AXES
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APPENDIX B
GRAPHIC AND MOMENT MEASURE STATISTICS OF SWASH ZONE
SEDIMENT SAMPLES
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